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By A. T. Gwathmey , H % Leidheiser, and G. P. Smith 
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I . SUMMARY 


The chemical action of oils on large single crystals of 
metals in the presence of various gases has teen studied, 
with special emphasis placed on the influence of crystal 
plane* • The studies primarily have been concerned with four 
metals* silver, copper, lead, and iron; and four types of 
oil! pure hydrocarbons with mineral oil as representative, 
oiliness agents with stearic acid as representative, chemical 
polishing agents with tricresyl phosphate as representative, 
and commercial oils with new and used aviation oils as rep- 
resentatives. 

It was found that the rates of all surface reactions, 
which -r have been tested, vary with crystal plane, although 
this, variation Biay be obscured at high rates by the influence 
of other factors such as diffusion. The reactions tested 
include'- ox i dat i on , etching and consequent roughening, carton 
formation, rearrangements due to gaseous catalysis, crystal 
growth,, electrolytic reactions such as electrodeposition and 
galvanic action. Wetting .in a few cases varies with plane* 

The methods used in preparing large single crystals of 
various metals are briefly discussed. . ’> •* 



II. INTRODUCTION 


The beneficial effect of some oils is due to their abil 
i ty under certain conditions to attack metals in varying de- 
grees, while under other conditions chemical attack, • if car- 
ried to extremes, qan lead to corrosion, roughening of the 
surface, and ultimately to increased friction and wear. The 
oil also may be unnecessarily decomposed. The chemical 
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action between me.tal and oil, therefore, is one of the cru- 
cially important factors in the subject- of lubrication. It 
may mean success or failure to lubrication and the machinery 
which it serves. , 

An ordinary metal surface consists of many different 
types of structure, such as crystal faces, edges, corners, 
and boundaries, and amorphous layers. The properties of a 
surface are a composite of the properties of these individual 
parts, and, in order to understand the b-ehavior of a surface, 
the properties of these parts must be determined. 

Since the number of atoms per unit area in a crystal 
varies with face, many of the surface properties of a metal 
would be expected to vary with face. In experiments carried 
out preliminary to this investigation, it was found that oils 
in the presence of air etched a single crystal of copper pref- 
erentially with crystal plane. Both the rate of etching and 
the degree of roughening varied with plane. It was signifi- 
cant that chemical attack by the same reagent could render 
one face smooth, and another rough. The striking appearance 
of these etch patterns, due to the directional reactivity of 
the crystal, seemed to offer a sensitive and relatively sim- 
ple method of following the course of a reaction between a 
liquid and a metal. 

•f ... •> # f X . 

? Therefore the chemical attack of oil on a metal surface 
has been studied'with the aid' of large single crystals, spe- 
cial emphasis being placed on the influence of the crystal 
plane. A single crystal represents the unit of which all 
nretals are composed and serves as an excellent meeting ground 
for the correlation .of the many apparently, unrelated but im- 
portant processes taking, place on the surface of a metal. 

It is believed that many of the processes which are commonly 
attributed to mechanical „or physical causes have their origin 
in chemical attack. 

This investigation, conducted at the School of Chemistry, 
University of Virginia, was sponsored by and conducted with 
the financial assistance of the National Advisory Committee 
for Aeronautics. 

III. DESCRIPTION OF' APPARATUS AND METHOD OF EXPERIMENT 

g * ■ •• # t ' ' • . , 

The method, in general , c otis is t;s of studying the reac- 
tion between oil and large single crystals of metals in the 
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form of spheres and polyhedra, the surfaces of which are pre- 
pared parallel to known crystal planes. . The use of spheres 
has the advantage in the case of face-centered cubic metals 
of having every possible crystal plane appear parallel to the 
surface in at least six points on the sphere, the (100) faces 
appearing at six different points. 

Since the single-crystal method of studying surface re- 
actions is a rather new one, some aspects of which have been 
developed in this investigation, the possible uses of this 
method should . be briefly described. Processes which may be 
studied by this method are of importance directly or indi- 
rectly to frictiopand wear. 

j 1. One of the very great difficulties in studying sur- 
faces is the inability to obtain surfaces of knov/n configura- 
tions. An el ec t r oly t ical ly polished surface along a known 
crystal plane is one of the nearest approaches to a known 
surface. Of course, no surface is completely smooth, and 
impurities can never be completely removed; but it is an ap- 
proach to a surface of known configuration. 

2. The formation of faint etch patterns, which may be 
easily seen, offers a surprisingly sensitive method of vis- 
ually detecting very slight reactions. For example, by using 
a highly polished crystal sphere, reactions may easily be 
detected when the weight loss is considerably less than 1 
milligram. In making rapid exploratory tests, especially 
with oils, to determine whether reaction takes place, time 
and effort may be saved* 

3. Since most all surface reactions have been found to 
take place with rates which vary with the crystal plane, 
probably the chief use of this method is the study of reac- 
tions on different crystal planes. It is most impressive to 
examine a copper sphere which has been given a particular 
treatment and to find one face unaffected and another greatly 
acted upon just as if the two faces belong to different metals. 

In experiments involving etching, growth as in electro- 
deposition, and rearrangements at high temperatures, the na- 
ture and degree of the reaction can be obtained by micro- 
scopic examination. Also, in many cases where definite 
facets are'iformed, specular reflections may be obtained and 
identified by a beam of light directed on the sphere. Owing 
to the symmetry of the crystals the patterns repeat themselves 
a number of times on the surface of the sphere. For example, 
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tne.J’e are-' eight octants in a sphere and eight similar pat- 
terns., ar? obtained. These patterns not: only serve to iden- 
tify, the particular crystal faces but alsa.serve as a check, 
one-, agains t the . other . - 


4. Since interference col ors ,.arp . obtained - from thin 
films of. the order of 400 to 1300 'angs.tr oro ..un-it s j these col- 
ors may be used to study the' var.i' ; ati;Qn in rate of formation 
and th.e nature of films, especially, oxide,,- formed- on ’differ- 
ent crystal faces. The th-icknes's of .these’ films also may be 
checked by measurement of the quantity of ; , electricity' re- • 
quired for the reduction of the oxide, using small drops of 
electrolyte on a particular crystal face.. ,,-P- 

5. Amorphous layers may bef identified .by the failure of 
preferential reactions to take place, apd .the thickness of 
the layer may be determined by the. . quantity o.f •. electrioi ty- 
re quired in electrolytic ettfhing to p.empve : this layer. The 
point at which the layer "is removed may he .determined- by the' 
appearance of preferential patterns. 

. . .. •;< ' • • " 

6. Slip lines, the nature and dir ec t ip m- -of ’which vary 
with crystal face, -may be' Used not,, only to identify crystal 
direction but to determine roughly the amount of strain to 

which a smal.l section 6f '-'ffletal i s . sub je ct ed i n rubbing. 

' . , . , \ ■■ . •• r. hi * t>c V S' • •• - * ; i . ; -■ 

7., The .formation 'and '■groWt'h 'of. crystq.1. grains 'may be 
studied by following ’th’-e behavi or of one ..or-, -more crystals 
formed on a large single crystal which serves as a reference 


background. In el ec tr odepos i t i on .the growth of nucfl e i vary 
with plane. The- wear on-metal. surfaces . likewise Inay be 
studied by examining-' the scratch formed by rubbing one metal 
against a single cry s t al ; o'f ' anothey , i i'-.'- •' 


Finally, various combinations of the foregoing methods 
may ,b e ad opt ed for the ; study of post, surface phenomena, 
physical -and chemical. ■ A '"complete reference map may be 
m'arked on the spherical surface for the identity- of any re- 
gion. „ . r : ; 


GrP'wth of Ory.s t al s ? a : n,do 1'reparat ion Pf the Surface 


j I i! 


r.' : \ ; y 


iia^gP : ‘ single crystals of*, silver and chpper , 5/8 inch in * 
diameter and 6 inches, long,-, were groWn by lowering slowly 
n it e It of ' r.e t al f roti ’,,an electrically' hdatsd iho lybdenuCi- 
V ound 1 ■‘•Vacuum furnace. /See reference 1, pp » 35“*^2 . ) 

A copper crystal, It, inches in diameter, also was 
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grown. Silver and' copper were held in graphite crucibles 
pointed at the lower end. Nickel crystals were similarly 
grown in tile*; form of l a rod, about 5/8 inch in diameter and 
4 inches long, and were held in a graphite crucible lined 
with magnesia- cement to prevent the solution of carbon in- 
the metal. * Several large crystals were obtained in this rod. 
Lead and zinc crystals were gro wn by lowering from a chromel 
resistance furnace a melt sealed under a vacuum in a pyrex- 
glass tube. Since lead could not be machined without re- f 
crystallization into a polycrystalline mass, it was necessary 
to grow the lead ’ cry s tal in a small glass bulb with a small 
tube at t ached- t o furnish a handle for the crystal. In order 
to- prevent lead 0 from" sticking to the glass vessel, it was 
necessary' topcoat the glass with a thin film of carbon by 
"flushing with mineral oil and heating until the oil decom- 
p o s e d . Iron crystals cannot be grown by the usual method of 
cooling slowly from the melt since it undergoes a phase 
change in the neighborhood of 900 ° C. Irregular-shaped crys- 
tal s , 1 / 4 by l/ 2- by 1 inch, were grown in rods of cold-rolled 
steel by decaf bur 1 zing with hydrogen and then stretching and 
anneal i ng ; a't about 88 0° C, Growth cf iron crystals will’ be 
described 1 In Results, - since a special study was required 
whi ch has hot y e t ' been c ompl e t ed . 

V- .1 V . ' ’ -• ■' *'* ** ^ r* : v • •• • * >. - 

Spheres inch in diameter with a shaft 3/l 6 inch in 

dia'meter by l/S'-lnch long, were machined from the rods of 
silver, cbpper, nickel, and zinc. Great care was - required' in 
•"•machining zinc in order to prevent shearing along the slip 

* planes which are especially pronounced in this metal. 

Spheres, about 5/16 inch in diameter, were machined "from- the 
iron rods.' Spheres of- the metals, except lead and zinc-, 
were then mechanically polished by pressing emery papers, 

Nos . '■ 1 thr bu'gh r O'OOOj ' again s t opposite sides of the" rapidly 

‘'‘revolving sphere, the shaft of which was held in a drill 
chuck aitached to an electric motor. The spheres were elec- 
trolyVically polished in various solutions described in 
^Results. '-'They were rinsed in running water and dried with 
clean tissue paper. Electrolytic polishing has the advantage 

* o ; f r eihovihg- 5 the strained layers of metal at the same t ime 
^th'at'-’it polishes, leaving the true structure of the metal ex- 
posed At the surface. Attempts to remove impurities on the 
surface dre discussed later. 

n a r : f :;r i. • / • - *t . s • - * : . • ; / . ,, - r * i' : j. I 

‘"-j i ‘i l v V - r: • •. J • - ■ .• • - - > ■ •• - . & • ... •• • 


Method of Heating Crystals in Oil 


• r< The spheres with" shafts downward were al t ernat e ly ‘ ex - 

posed to oil and air by raising and lowering about an inch 
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above an'd below the level of the liquid at the rate of 15 
times a minute. A wire attached to the shaft of the sphere 
extended to a revolving mechanism above, which raised and 
lowered the sphere. The oil was placed in an Erlenmeyer 
flask, usually 125 cubic centimeters capacity, with a neck 
6 .inches long, which served as an air condenser. For experi- 
ments conducted in an atmosphere of hydrogen or nitrogen, 
the inlet gas tube passed through a rubber stopper at the 
top of the flask down into the liquid. The gas passed out 
through a capillary tube in the rubber stopper. The wire 
attached to the crystal moved up and down through this cap- 
illary. The flasks were heated by hot plates, the tempera- 
ture being controlled in most experiments to ± 5 percent by 
placing a variable mimber of thin asbestos pads under the 
flask. Experiments were condiicted at 100°, 200°, and 300° C. 
The crystals were removed, from the flasks at definite periods 
of time and examined by several different methods. 

When a crystal oxidizes, a very striking color pattern 
is produced, due to the interference colors from the oxide 
films df various thickness on the different crystal faces. 
These patterns may be seen best when a tube of white paper 
is placed over the crystal in order to cut out reflections 
from the various objects in the room. When the crystal is 
reaicrting in the Erlenmeyer flask, these colors may be seen 
fairly well by placing a piece of white tissue paper around 
the flask. A second type of pattern is formed w.hen the re- 
acting liquid etches the different faces of a copper crystal 
at different rates. Some faces will remain smooth and others 
will become rough at various depths of etching. These etch 
patterns are examined by two methods. When a beam of light 
is directed on the crystal in a dark room, not only may al- 
ternate smooth and rough regions be seen, but often striking 
light reflections- will flash into view from small facets de- 
veloped parallel to special, crystal planes. From the direc- 
tions of these specular reflections and from the orientation 
of the" crystal as shown by the symmetry of the etch patterns, 
the crystal plane along which these -facets have formed can 
be determined. Finally, the various areas are examined under 
a mi-cr os-cope . . In some experiments the crystals were, weighed 
before, and after etching in order to obtain an approximate 
measure of the rate of etching, but.-such measurements: are 
limited in meaning due to the fact that all crystal planes 
are exposed and the rate of etching along these planes varies 
greatly. Even in the case of polyhedra prepared parallel to 
special crystal planes, these weight measurements have only 
a very limited -mea'nang, as will be described in Discussion. 


NACA TN No. 982 


7 


From these types of measurements a picture of the manner 
in which the reaction takes place may he obtained. For ex- 
ample, the formation of the bkide pattern gives a picture of 
the reaction between metal and oxygen. The removal of this 
oxide pattern shows the manner in which the acid constituents 
of the oil attack the oxide. The etch pattern and the spec- 
ular reflections indicate the’ manner in which the three ma- 
terials, metal, oxygen, and oil, react simultaneously. 

The crystals were generally heated in oils in both con- 
centrated form and 5 percent in mineral oil. The experi- 
ments with the concentrated reagents were carried out in 
order to determine the effect of one reagent at a time and 
the differences in behavior between the various types. The 
experiments with 5-percent reagent in mineral oil were car- 
ried out to determine the effect of these materials when 
used in small amounts as addition agents. A few experiments 
were conducted with 1-percent addition agent in mineral oil. 

A few also were carried out with several types added together 
in mineral oil. 

The mineral oil was obtained from L. Sonneborn Sons, New 
York City. The stearic acid was obtained from Armour and 
Company, The tricresyl phosphate was technical grade obtained 
from Eastman & Co. A f*ew experiments were conducted with the 
pure grade phosphate but this was not used generally due to 
prohibitive cost. Tristearin, triphenyl arsine, triphenyl 
stibine, triphenyl phosphine were pure grades. Methyl stea- 
rate was technical grade. The used' and unused aviation oils 
were supplied by the NACA Air craft' ‘Engine Research Laboratory. 
The silver, 99.9 percent fine, was' obtained from Handy and 
Harmon. The copper was electrolytic metal, 99.9 percent pure, 
obtained from the American Brass Co. Lead was obtained from 
The National Lead Co. and was described as having a very 
small percentage of impurities',’ probably not more than 0,06 
percent copper. Iron was prepared by decarburi zi ng with 
hydrogen cold-rolled steel having a composition of 0.08 to 

O. 16 percent C, 0.60 to 0. 90- percent Mn , 0.09 to 0,13 percent 

P, and 0.10 to 0 C 20 percent S i ^ The zinc was reagent metal 
obtained from Merck & Co., 99*9 percent pure. The nickel, 

99.4 percent pure, was obtained from Whitehead Metal Products 

Co, 

Since the oxidation patterns obtained with copper are 
important in controlling surface reactions, various treat- 
ments were given 'the metal surface’ in order to remove possi- 
ble contaminations obtained from electrolytic polishing. and 
other causes. After el-ectr oly tic polishing, crystals were 
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given .various treatments such, as boiling in distilled iso- 
propyl alcohol, heating in hydrogen .at aXpiat 90.0° 0, washing 
with .ether, and cleaning with electrolytic hydrogen by oper- 
ating as & cathode in' caustic solution. In general, the 
same type of oxidation pattern was obtained after each treat- 
ment. Syen grease from the fingers by deliberate handling 
did not influence the etch pattern obtained with, stearic, 
acid. 

Tor comparative purposes the photographs of the single 
crystals given 'on figures 1 to, 8 are oriented in the same 
direction.' Views are normal to surface at (100) pole. 

"■ " IV. "RESULTS 

• f SILVER''- 

Electrolytic Polishing of Silver 

Mechanically polished single crystal spheres' served as 
anode in an electrolytic cell consisting Of a 400-milliliter 
beaker and. a cylindrical copper cathode. 'The sphere was. 
supported" with shkft doVnward by means of No. 18 Brown. and 
Sharpe gage silver wire. The polishing medium was a 5-per- 
cent-KGK solution to which was added just prior to use 2 
'milliliters of a 1 0-per cent-NaCl solution per 200 milliliters 
' of the cyanide solution. Polishing conditions were 7 amperes 
per square centimeter at a potential of 2.0 to 2.5 volts,. At 
’ slightly higher current densities silver oxide formed on., the 
surface, at increased current densities oxygen evolution with 
subsequent roughening occurred, while at low current densi- 
ties an electrolytic etch pattern appeared. 

The smoothest surface was always obtained in freshly 
prepared polishing Solutions , the efficiency of the solution 
decreasing with usage. After admission to the electrolytic 
.cell the current density. was increased gradually until the 
first voltage and current ‘fluctuations were noted. The cur- 
rent density was maintained at this point until a fair polish 
was obtained. ,I.t was gradual ly r d.ecr eased until ..the ...yoltage 
fluctuations ' achieved .a maximum f requency and a mi nimum , ,am-r 
plitude and maintained 'at' this point until the desired ...degree 
of polish .was obtained. ‘ ,At the polishing point an . orange, -j 
yellow film alternately flashed on . and off the anode, .surface 
in step with the' voltage fluctuations. Proof of the single- 
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crystal’ character of the. surface was obtained by lowering 
the. current density to the point where the electrolytic etch 
pattern appeared. 

Ox i dat i on 

i j ic‘Np interference color films were obtained on silver 
cry s tal s sheat ed in dry air, moist air, dry oxygen-,, or moist 
oxygen at 100° to 550° 0 for periods of time ranging .up* to 
48 hours. At 500° C in 18 to 48 hours excellent specular 
reflections were obtained from the (ill) regions and weaker 
reflections from the (100) in atmospheres of oxygen, air, 
hydrogen, and in vacuum. Preferential evaporation of silver 
appeared.'to be the predominating cause. The fact that the 
patterns were more intense in air and oxygen suggests that 
the presence of silver oxide enhanced the preferential evap- 
orat i on . 


r ' a x . A j ' • Mine ral Oil • : - ' • 

In an atmospher e of hydrogen .- When a silver crystal 
was alternately immersed in oil at 200° C and exposed to 
hydrogen ■ at the --rat e of 15 times a minute, the oc rystal was 
not attacked .and the oil remained undecomposed over a period 
of 24 hours. No sign of a silver; f-ilm .was visible .on the 
flask... 

, . ■ In . an. atmospher e -of air .- Experiments were conducted at 
100°, 2Q0° ,. and 300° G with the crystal-’ alternately immersed 

in the liquid and exposed ; to the air at the rate of 1.5 times 
a- minute.." -At 1CQ° C a color pattern formed in. 5 hours, the 
(jlOQ) regions -appearing .to b.e- the most active. After 10 
hours the color pattern dis:app.eared and a .faint roughness 
patt ern h o,p,k i ts place. A.f t er- . 1:0 thpurs: a translucent ge 1 at in- 
i-ike- r m.at eri al appeared on the crystal- .and; on the sides of the 
f-lapk... -This- mat eri al- was slightly -'solubl’.e. : in alcohol’ and. 
very, ; s-0;luible;;;i’.n: . ethe^r, • It WasL not ! jnQied in experiments. .con-, 
duct-ed at 2.0.0°. and 300° G. . The weight 1 loss in 24 hours at-. 
; lQQ-° 0 was- :0.. 0021. g. The weight, lo-sai vas readily verif ied 
.by piOting that a thin-: film of. s'ilvresr had f ormed-, on the base 
land, sides -of- the flask, -At 200° G, a. bright col o.r pat tern 
•formed in 3 hours-, the c-olor being .very readily removed by 
rubbing with tissue. Preferential, roughening rstarted; to. oc- 
cur in 6 hours but this again was followed: by-, a pref.erent.ial 
color film pattern. The final pattern after 30 hours con- 
sisted of: a brilliant purple square at the (lOQ) regions 
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surrounded by square silver bands, of small faint red (llO) 
regions, and large circular dark red-brown (ill) areas. As 
in the “case of 100° G a large film of silver became visible 
ofi ‘the - surf ace Of the flask several hours after the experi- 
ment was initiated. The weight loss in 24 hours was 0.0014 g. 
At 300° C a color film formed in 5 minutes but immediately 
gave w ay to a preferential roughness pattern. The roughness 
pattern disappeared after 2 hours and the entire crystal took 
on a foggy appearance. The weight loss in 24 hours at 300° C 
was 0. 0009 g. ••• • ’ ■ • ; : • ■ >.* • - •• 

’ Sxpe-riraents were conducted at 200° and 300° C with the 
silver crystal rapidly rotating below the level of mineral 

oil. In both cases no signs of color or roughening were ap-r 
parent; however, at the end of 24 hours a very thin film. of • 
silver was noticeable on the base of . the • flask. 


' ~ Oiliness Agents • « 

All experiments were conducted by alternately immersing 
the sphere in the liquid and the atmosphere above the liquid 
at the rate of 15 times a minute. 

Stearic acid in an atmosphere of air .- A very faint 
superficial etch pattern formed on the surface within 12 
hours at 100° C. The pattern after 24 hours consisted of 
very smooth (ill) and small (311) areas, the remainder of 
the surface appearing slightly misty when viewed- with a 
flashlight in a darkened room. The liquid was only slightly 
discolored and the weight losses were negligible after 24 
hours.' At 200° C a very faint etch pattern started to form 
iii 70 minutes. The final etch pattern was similar to that 
described at 100° C : and slightly* deeper . Very, very faint 
specular reflections from -the (ill •) regions were noted nor-' 
mal to (ill-). . The ' ; weigh-t loss in 24 hours was negligible. 

At 300 & C an" etch pattern consisting of specular reflection 
from the (ill) formed in several minutes. Within 1 hour the 
pattern became indistinct and the entire surface became 
roughened. After 3 hours a yellow-tan film formed on the 
sphere and the acid started to deposit decomposition products. 
No weight measurements could' be obtained due to the irremov- 
able film on the 'Surf ace. ■ That etching did . occur is proved 
by the immediate' format! On" of an etch pattern and also by the 
fact that a film of silver was visible on the base of the 
flask when the liquid was removed. , 


’ , , 1 ' I ' ^ ft 
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'• S t e a r 1 c a cid in an atmosphere of oxygen .- The etch pat- 

tern which formed in oxygen at 100° C was about eaual in in- 
tensity to that noted previously in the presence of air at 
200° c". No variation in the weight losses or intensity of^ 
the pattern was noted in the comparison of the action of air 
and oxygen at 20 0° C. 

• Five 'percent stearic acid in mineral oil in an atmos - 
phere of air.- Not the slightest signs of color films or 
etching were visible after 24 hours exposure to the action 
"of 5 percent stearic acid in mineral oil at 200° o. 

Oleic acid in an atmosphere of air .- The surface of the 
snhere remained perfectly polished during 24 hours exposure 
to the action of oleic acid a,t 100° C. A well-developed 
pattern appeared after several hours exposure at 200° C. 

The final etch pattern consisted of a strong specular re- 
flection from the. (ill) regions, a cross at the (lOO)'s ter- 
minating in a small, diamond at the (210) is* The (110) re- 
gions remained very smooth and appeared so, under a magnifica- 
tion of 6 0 OX , while the (lOO) and (ill )* ? s appeared compara- 
tively rough. Electrolytic etching, in. the silver polishing 
solution caused a tan* translucent skin to peel off the 
sphere. This fact perhaps indicates the reason for only 
superficial development of the etch pattern. 

Methyl stearate in an atmosphere of air .- At ICO 0 C the 
silver sphere had a very faint pink-green color. When viewed 
in a cone of paper, a very faint color pattern similar to 
that, noted i 4 n the case of mineral oil was observed. At 
200° C very superficial etching took place in the course of 
24 hours. When the crystal was view.ed with the aid of a 
flashlight in a darkened room, four blue dots at the (210) 
poles were, visible when viewed normal to (lOO) planes, and 
three green dots at the (31l) poles were visible when viewed 
normal to (ill) planes. Although these colored dots were 
extremely striking’ in the beam of the flashlight, no prefer- 
ential surface structure was visible under the microscope to 
account for this phenomenon. 


•‘Chemical Polishing Agents 

Tricresvl phosnhats in an atmosphere of air ,- No etch 
pattern or color films* were visible at 100°, 200°, or 300° C. 
The weight * changes in 24 hours were negligible in all cases. 
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A protective film was formed: on the surface in all case6 as 
i-ndi ca t e.d "by. surface film scaling when el ectr olytically 
etched, in the.*silver polishing solution* 


Commercial Oils 

Aviation lubricating oil in an atmosphe re of air*- Per- 
fect color patterns presumably due to sulfur in the oil 
formed .in 30 to 6,0 minutes at 100° and 200° C. The colors . 
v:ent through the series, rose, copper, br.own, .purple-black, 
and dark black. The (311) regions appeared to be by far the 
most ‘active. An atmosphere of hydrogen did not prevent the 
pattern formation or appreciably reduce the rate. The colors 
rapidly disappeared when the sphere was dipped in KCN solu- 
tion, or placed in iodine vapor. 

Us.ed aviation lubri catin g oil in an atmosphere of air . 

At 100° C a very feint dull gray color pattern similar to . 
that in new aviation oil became apparent in 24 hours. . The 
weight loss., was nil. At 200° C a faint color pattern ap- 
peared rapidly and a. lustrous lacquer formed on the surface 
in 48 hours;.. The weight Loss was nil.. At. 300° C a faint 
etch pattern formed, in 2 hours and a black .t.arlike deposit 
formed in 5 hours... When, the. tar was removed by rubbing, a 
faint color pattern was apparent. 


Amines, 

In an atmosphere of air, etch patterns were formed on 
single crystals of silver at 200° C by d odecy lamine , tetra- 
decylamine, and o.ct.adecylamine. In all cases (ill ), planes , 
were greatly developed, and. (100) planes were developed to a 
lesser, extent . The weight losses in 24 hours f or a 1 5 - g r am 
sphere of approximately 7 square centimeters were,. .0. 009 g in 
dpdecylamine, Q. 007 g in tet radecylamine , and 0;;0‘02 g in 
o c t ad e cy 1 am i he . No apparent reaction as judged by. weight 
change and surface appearance occurred in dodecylamine and 
air at 100° C. * 


Other Evidence of 'Preferential Etching 

Preferential etching of silver-crystal spheres' was ob- 
tained. In the f ol 1 owing* reagent s s 1. Electrolytic etching 
at low current densities/ in- KGN-NaCl solution; 2. KCN-' 
(NH 4 ) 2 S 2 0 8 ; 3. Nitric acid; 4. KCN-air; 5. KI-I 2 . 
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I od inat i on 

A very ‘beautiful and perfect pattern of colors was ob- 
tained when an annealed polished crystal sphere was placed 
in iodine vapor or in a solution of iodine in a solvent such 
as hexane, ether, chloroform, carbon tetrachloride, or ben- 
sene, The variations in rate increased as the color film' 
increased' in thickness* The (100) and (311) regions had a 
high rate of reaction, while the (210) and (ill) were re- 
gions of. .low. rate* 

Rearrangement Due to the Action of Hot Gases 

Faint patterns of .specular reflection from the (ill) 
regions were visible when. 5:1 mixtures of hydrogen and oxy- 
gen at a total pressure of 1 atmosphere were passed over a 
polished crystal at .440° G, The results we re attributed to 
preferential evaporation as noted under Oxidation* 

A rearrangement pattern which roughened the (ill) re- 
gi on to the -greatest extent formed when a 4:3 mixture of 
oxygen and hydrogen sulfide at a total pressure of 1 atmos- 
phere was passed -over the crystal sphere at 200° C. 

*}•••. . • , . 

A mixture of 20 volumes of hydrogen to 1 of chlorine 
preferentially roughened the (100) regions of a crystal 
sphere when the gases were passed over the sphere at 250° C 
and a total pressure of 1 atmosphere. 

Although the important result about silver for this in- 
vestigation is that it is largely unreactive, the films and 
faint etch patterns formed have been described in some detail 
in case further studies should be made on silver surfaces. 


■ - ... .. . COPPER 

. • r 

>■ ' •, :: 

• J31ect.noly.tie Polishing 

Copper single-crystal spheres were electrolyt ically 
polished in 42, ^-percent-phosphor ic acid solution at a cur- 
rent density of 12 amperes/.so dcm. t and. a voltage of 5 volts. 
The polishing cell consisted of large vertical glass cyl- 
inder to which were attached 2 vertical cylindrical sidearms 
containing copper rod cathodes. A discussion of the prepara- 
tion of the surface of copper crystals has been given in ref- 
erence 1 , page 35 , 
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Ox Mat- i qn 

When a .polished crystal' -sphere was heated in air at tem- 
perature's* lab ov-e ,100° 'C',' brilliant color film's- formed indicat- 
ing' thStf t he rat es ’of - oxidat i on .var i ed with .-plane . The rela- 
tive : rdt es 'of oxidation in air at. 2Q0° C - and atmospheric 
pressure - wer-e , i n. the order of decreasing' rates t , (lOO) and 
(21'0y- re'gion{s; boundary" 1 ines between two .{511 ) regions; 
boundary lines between- Coll) and (.110') regions; (ill) re- 
gions; (110) regions; and (311) regions. (See fig. 1.) ' In 
the neighborhood of 500° G there was some .change .• in the order 
of relat-iv;©'. rates but, judging from the color and relative 
roughness of the oxide film, -the (.100) and (210) regions con- 
tinued to, beythe most reactive. Judged- by the- continued 
smoothness of. the surface and by the development of definite 
crystal :f.a„c.ets, the (’311) regions remained the least reactive, 
Ox i d a t lorn, o-f single crystals of copper has : been considered 
previously* / >($ee. reference 2.) Further verification w.as ob- 
tained of the fact that the '(100) regions were the most ac- 
tive’ toW&rd oxidation at. temperatures Of 200° to 300° C. A 
p oli shed" sphere was oxidized in. air at 300° C for 3 hours. 

At the end of this interval s the sphere had an adherent black 
coating- over th,e entire 'surface. After slowly cooling to 
room temperature, the sphere was rubbed with tissue. Prefer- 
ential ‘scaling,. from a small circular region around the (100) 
regi ons: occurred , 'indicating that the deposit was thickest 
in this region of the surface. Individual grains of a poly- 
crystalline aggregate’ showed varying rate's of oxidation in 
air at 200° C. - ■’ 


Mineral Oil 


1 • • n : r r; 


In an atmosphere of hydro gen.- When a copper crystal was 
alternately immersed in oil at 300° C and exposed to hydrogen 
at the rate of about 75 times a minute, the crystal was not 
attacked and the oil remained clear and undecomposed over a 
period of 48 hours. No reaction took place at i00° or 200° C 
over a period of 23 hours,. •? - A small trace of oxygen in the 
•hydrogen (less than 1 percent) will produce an oxide pattern 
on the,-; crystal as described in the following. 


fi •, •• 


In; an, strop's uhe re of. nitrogen .- At 300° C over a period 
of 48 '±iour : $ f .i the, '-oil- showed no discoloration and the crystal 
showed a s 1 fgh.^ bx idat i on pattern, which was attributed to 
the diffusion of a small -amount .of air through the exit tube 
as judged by a similar’ experience with hydrogen. 
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In an atmosphere of air .- When a copper crystal was al- 
ternately 'immersed, in. oil at 300° C, and exposed to air 75 
times per minute, a regular oxide pattern of interference 
colors appeared in 30 minutes and increased in intensity for 
8 hours. .This oxide pattern is similar to that obtained in 
pure air with no oil present. (See fig# 1.) At the end of 
20 hours the crystal was completely covered with a black 
tarry material. At 20 0° C an oxidation pattern appeared in 
about 2 hours and continued for about 19 hours at which time 
the pattern of interference colors gave v; ay to one of dark 
red and black deposit s . When this crystal was heated in 
hydrogen at 450° C, black deposits remained in certain re- 
gions, indicating, that th§ formation of carbonaceous materi- 
als varied with crystal plane. When- air was bubbled through 
mineral oil at 200° C, in order to accelerate the oxidation 
of the oil, an oxidation pattern first formed, on the crystal 
but this soon gave v/^y to a striking etch., pattern within 24 
hours, indicating that the etching varied with crystal plane. 

if-. ■ '■ij! 1 ) O 1 ■ ■ 

' , , Gi lines s Agents 

S tea ric acid in an atmospher e of hydrogen or nitrogen . 
When a. very rapid . stream of hydrogen or nitrogen was passed 
through the liquid in order to prevent diffusion of even a 
small amount of air through the exit tube, the crystal re- 
mained unattached, and the oil, clear after heating at 300° C 
for 48. hours.. A, crystal also was unattacked at 200° C. 

... . * * * v rv ^ •* ; (,* f * • • •• 9 •' 

Stearic.aoid in an atmosphere of air .- Photographs were 

taken and dosses in weight were determined at 3, 24, and 48 
hours. -When a crystal was heated in stearic acid at 100° C, 
the surface sho.w-e& a very slight etching in 1 hour and a def- 
inite pattern 4n about 6 hours. At 200° 0 a definite etch 
pattern began to form in about l/'2 hour, and at the end of 
10 hours a pattern typical of stearic acid was obtained. A 
photograph of sue* 1 a pattern is shown in figure 2. The ( 1 1 0 ) 
regions were very rough -and the rest of the surface was rela- 
tively smooth. Phot onvi cr ographs of (110) and (ill) regions 
are shown in figure' 3. At the end of 48 hours the loss in 
weight of a crystal of about 15 g was 490 mg. At 300° C the 
typical etch pattern was fully developed within 2 hours, when 
a black deposit soon began to form on the crystal. This 
greatly reduced the rate of etching and within 24 hours the 
crystal tyas covered with a thick, tarry deposit which could 
be easily wiped off. When a crystal was heated at 200° and 
300° C in a 5-percent solution of stearic acid in mineral 
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oil, the .results obtained were similar to those with pure i 
stearic acid. The rate - of pattern formation was slower and — 1 
the loss in weight le3Sr, hut the differences were not 
so great as would he expected. • 

In all etching experiments with stearic, acid it was 
found that the. pattern changed with time until a constant 
type, having a rough striated surface at the (110) regions 
and smooth surfaces at the Cl 00) and ( 1.1-1* ). regions, finally 
was obtained,. . In order to determine whether this change in 
etching with time was a result of the changing composition 
of the liquid as oxidation proceeded, the 1 acid was renewed 
every 3 hours using, the same crystal continuously for 12 
hours. It was found that the typical pattern was obtained 
in about .6 hours, and continued until the end of the experi- 
ment in 1 2. hour s , indi cat ing that the change which took . 
place in the composition of the liauid over a period of 3 
hours did not change appreciably the etching characteristics 
of the acid. ... 'f- 

lu order to , investigate the method of attack of’ stearic 
acid on films of copper oxide, a crystal with three fiat sur- 
faces, about 3/16 inch in diameter, parallel to the Cl 00), 
(ill), arid (110) planes wag. oxidised in air at 200° C and 
then heated at 200° C_in 5 ' percent s teari c acid in mineral 
oil in ari atmosphere of , nitrogen. At the beginning, each 
surf ac e • exhibi t ed the color of the oxide film characteristic 
of that crystal plane, .the (lOQ) having the thickest film. 

As the reaction proceeded,- the change in colors on the vari- * 
ous faces could be observed, the rate of change being a meas- 
ure of the rate of etching of the oxide. Finally, all colors 
disappeared, and the varying degre es of roughness produced 
by the etching of films of diffe'rent thickness could be ob- 
served. The nitrogen w'as then' replaced by air, and other 
crystal planes became roughened, the etch pattern shifting . 
over to that of a' different type. This suggests that the, 
positions of greatest oxidation in air along are no.t the po- 
sitions of' the greatest rate Of etch ip g by stearic acid. 

This experiment is primarily described in’ order to indicate 
how the single crystal method of bppdy can' be used t,o. study, ,,- 
intermediate reactions with specie! emphasi^ bn the direc.r. 1 
tional properties of crystals.; It has been’ impossible- in . 
these studies to take full advantage of such possibilities.- -•••" 

r ■ • *• * f '■ V . . 

Three polyhedra, a cube with frices parallel to the (100) 
planes, an octahedron with faces parallel to the (ill) planes, 
and a dodecahedron with faces parallel to the (110) planes 
were alternately immersed in stearic acid at 200° C and 
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exposed to air at the rate of 15 times per minute. The poly- 
hedra were removed and weighed at the end of l/ 2 , 3jr, 63 -, 
and 24 hours. Four similar experiments were carried out 
'with these polyhedra, but the results were not consistent. 
Possible reasons will be discussed later. 

As has been stated, no etching occurs in atmospheres of 
pure hydrogen or nitrogen. If the hydrogen contains a small 
amount of oxygen (less than 1 percent), however, the etch 
pattern obtained is quite ' different from that obtained in 
air when the experiments are run for periods of time giving 
approximately equal weight losses. The weight loss in an 
atmosphere of air after 1 -g- hours was ecual to the lose ob- 
tained in hydrogen containing a small amount of oxygen after 
24 hours. The etched crystal, with an atmosphere of air 
above. the stearic acid showed rough (lOO) , striated ( 110 ), 
and smooth (ill) regions. With a small amount of air in hy- 
drogen, smooth (lOO) regions, extremely smooth and bright 
( 11 0 ) r egi ons, and slightly rough (ill) regions were obtained. 

Very, very faint specular reflections were apparent 
when a copper s ingle- crystal reacted with stearic acid in an 
atmosphere of unpurified tank carbon dioxide. The weight 
loss in 24 hours was negligible. 

Slight but detectable currents were found with pure 
stearic acid 'When a potential was applied between a copper 
s ingl e~ cry stal anode and a cylindrical copper or lead cath- 
ode. The magnitude of the currents was as follows: At 

300° C and an ianode-cathode di stance of 1 centimeter, the 
currents were"30 microamperes at 115 volts and 1 microampere 
at 4 volts. The current increased to 2.2 microamperes at a 
potential of 4 volts when the anode-cathode distance was re- 
duced to 2 to 3 millimeters . At 200° C the magnitude of the 
current varied between 18 to 20 microamperes at a potential 
of 115 volts and an anode-cathode distance of 1 centimeter. 
The amount of current doubled in value as the anode-cathode 
distance was decreased to 2 millimeters. Ho noticeable dif- 
ference was apparent in the etch .pattern or in the wetting 
characteristics developed by the stearic acid at. 200° C when 
a current of 18 microamperes at a potential of 115 volts was 
allowed to flow to a copper sheet cathode for 6 hours as the 
copper s ingl e- cry s t al sphere was alternately immersed and 
raised in the air above the liquid. 

Rubbing an el ec t r oly t i cal ly polished copper single crys- 
tal, prior to etching, with metal foils such as aluminum, 
tin, copper, nickel, or lead did not alter the final etch 
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pattern developed, in 34 hours. The customary pattern devel- 
oped very rapidly when the surface was rubbed with tin or 
lead., .foil, in to 5 hours when rubbed with copper foil, 
and' 10 to 15 hours when rubbed with nickel or aluminum foils. 

Tne size and degree of roughness of the (100), (110), 

and (111) areas, obtained by etching with stearic acid at 
200 C, differed from the customary, pattern if the surface 
of the copper crystal was coated with a film of silver by 
rapidly dipping the crystal in a 0,01 N solution of silver 
nitrate. Observation indicated that the major reason for. 
the difference in pattern was due to the preferential abil- 
ity pf the silver to ad.here to the copper surface in the 
presence of the acid. 

A very well developed hydrogen-oxygen catalytic pattern 
was obtained on a copper crystal by exposing it to a 5:1 mix- 
ture of hydrogen and oxygen at 400° C for 16 hours. The 
sphere was then alternately immersed in stearic acid at 
300° C and exposed to the air above the liquid. The cata- 
lytic pattern^ entirely disappeared in 1 hour and the well- 
defjned stearic acid pattern first appeared in 4 hours. ,Th.e 
pattern resulting- in 24 hours was identical with the custom- 
ary stearic acid pattern. ., 

■ r • t i ,. \ 

Ole i c acid in a n ^ atmosp h ere of air#-' When a copper crys- 

tal w,as heated #j at I00 a C, a faint pattern appeared' within- 2'1- 
hour s, and. .c ontijnued for 24' hours. At 200° C strong:. specular 
reflections werV . obtained from the ( 1 10 ) regions and the. 

(311 ) regions, indicating that crystal facets parallel to 
these planes had been developed# The crystal remained en- 
tirely wetted. • : r /. % - 

Methyl stearate in an at mo sph ere of hydrogen.- No ap- . 
pr.eciable reaction too.k place over a period of 12 hours. 

Methyl stearate in an atmosphere of air .- A very defi- 
nite ‘etch pattern appeared in about 1 -ho,ur and continued un- 
til the end of the experiment in 12 hours,, The weight I 03 S 
over 12 h ou r rs was 34 milligrams. .A 5-pe, rcent solution of 
methyl stearate in stearic ?acid pro du ced a. faint etch pattern 
in 12 hour s . .. " • 

T ristearin in an atmosphere of air . - With a 5-percent 
solution - in mineral oil at 200° C a definite oxidation pat- 
tern formed in about 15 minutes and- continued f or.. 48 i( hours • 

No etch pattern 'formed, and the loss- in weight was negligible 
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over a period of 75 -hours. When a polished crystal was 
heated in this /used liquid for 17 hours, it was completely 
covered with a -tar which, when wiped off, revealed a definite 
pattern qf carton formation at the (110) regions. 


'•1 :*• ^ . » 

Chemical Pol ishing Ag e n t s 


Tricresy l phosphate in an atmosphere of hydrogen or 
— ^ r 0 5 e n * ~ When a rapid stream of hydrogen was passed through 
the liquid at 300° C, no appreciable reaction took place 
within^ 24 hours. The liquid decomposed slightly as indicated 
y a cn ange in color to a light orange and by the formation 
oi a few large black flakes on the bottom of the flask. The 
crystal remained smooth '•and shiny. 

Tricresyl phosphate in an atmo sphere of air,- Experi- 
ments were conducted at 100°, 200°; and 300° C, with the 
crystal alternately immersed in liquid and exposed to air at 
a rate of Id times per minute. In general, an oxidation pat- 
tern first formed, followed by very faint etching, and a 
orcwn insoluble film which is not preferential with crystal 
plane as far as could be judged. Finally, at 200° and 300° C 
the crystal was completely covered with a heavy black deposit 
at the end of 24 hours. At 200° 0 the dull brown film began 

f0 ™ 1 ”,. atot1 ^ 5 hours and continued to the end of 24 hours 
when the heavy black deposit formed appreciably. When this 
deposit was removed by rubbing with tissue paper, the used 
tricresyl phosphate etched the crystal preferentially and 
deeply, the thin, brown, protective film failing to form. 

en a new crystal was heated in tricresyl phosphate which 
had been heated previously with copper in contact with air, 

in Ihon/fo f ° rn ! d| bu V a Very striking etch pattern formed 
minutes. ^ the end ^ of 15 hours the pattern was 

regl0ns belng S ” 00th -Mny «< 

100 ^ V;? ur ^ 5 \. Sma11 shin y spots 'were located at the 

T^°v-a a 5 d + e * 1 V p0les * and the rest of the surface ap- 
oil at ^o t6d ; iS e , P f Cent tricresyl phosphate in. mineral 
\-ith th" and 3o0 C formed films similar to those obtained 

200° C tftrSJn If t6d aat6rial - The rates were slower. At 
brown 0 *?? 6xidation Pattern formed in 20 minutes and the 
f ” f1 . 3 Lm ia f bou * 5 hours" At 300° C the oxidation pattern 
n . “ d Bt im “ediately and the brown film in about 20 min- 

= . J ve _ crystals, heated successively at 200° C in the used 

-percent phosphate which had been heated at 200° C, formed 
protective films. A sixth was etched slightly. 
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Triphenyl phosphine, triphenyl stibine, and triphenyl 
arsine in mineral oil behaved similarly to tricresyl phos- 
phate, An . ox id at i on p'httern :first .formed and- this was fol- 
lowed by* the. forma-tcion of a 'drown pr ot ect I ve ? -f i lm . No ap- 
preciable etching too-k place." Wi th .5 percent’ triphenyl 
arsine in mineral o,il. an oxidation pattern formed, hut no 
appreciable film formed in 42 hours. 


Commercial Oils 

0 ■ • ♦ ... ’ - * 

When a. crystal, was heated in unused aviation oil at 

'2(}Q 0 C, an oxidation pattern formed b.ut no appreciable etch- 
ing or'- carhd)% deposition t'o’o^c' pTape~w3. thi n 48^ hou-rs . If - air 
Whs blown bhrotigh.unh.sed' Oil,' a faint etch pattern form-ed 
within' 4'8 hohrs . This j should be compared, with a definite 
etch pattern formed with mineral, o.i 1 . heated, under s imi lar 
conditions for 24 hours. Used aviation oil in air prefer- 
entially etches a copper crystal with the development of 
(lll)"planes at 100°, ; 200°, and 300° C, and. forms preferen-, 
tial carbon deposits as described in the .paragraph on » •? 

carbohi zat ion ' ' 1 ‘ ' ' .... • .. • • * 

Amines in an Atmosphere of Air •: 

Concentrated ethanolamine at 1G0° „C .produced an etch 
p k at te.rh almost immediately. Concentrated cy cl ohexylamine at 
I00°. r -C p'r-oduced a faint etch pattern. Concentrated -diphenyl- 
am'ine at- 2 : Q0° C' did not etch the crystal appreciably o.v>$r a 
per i od 6'f 24 hour's ,' but an or idat ioh. pattern , .f ormed . Ccn-t • 

cent'rat'ed hex'adecyl am i’h e at 200° C, produced a definite at:Q.h 
pattern. - ! '.ifhen : a beam' o.f ligh,t'. .was ..normal- .t o the sur f ac ( e/iat. 
the (-110) pole, - dh^ihiVe specular r.ef l'ect i ons'. wer e obtained 
over' an ent ir e- hemi sph.erje",* indicating that, facets parallel 
to the (11 O') planes'; yVre" h'eypippe.d... 'Jaint reflections w.'eire 
obtained when a li'gh'V be,p.m Was. ji.ormal at the (ill) pole. 

Total loss in weight. °0ver peri od of 24; hours was 16 milli- 
grams. -W-ith concentrated oct.ad.ecylamipe at 200° C definite 
specular refi'ect'i'bhs Were obtained . over • a hemisphere when 
the 'ligh‘t"beam' w*4v normal 'at. a.. (lpO). poie.. Total loss in • 
weight over a "period Of 24 hours was 10 milligrams. In 5 
perc4hi‘ : hexadecylaminfe ; in mineral oil at 2Q0°.C, a definite 
ox i dat i on : p'att ern appeared , wh i ch continued, until the end of 
the experiment in' 40 hours. ..No appreciable etching took ••• c * 
place,' and the crystal became completely .covered with a black 
detfQ&it. > •' ’ . ■ ro 
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.:<) cl *j o'; Ability: to Wet -'or. It v * a 

• -i * ’ - i j • • ‘ . •• % i . »' ’ 

■ , • • - ■ • ' " M ’ 1 . 

A, GQ.pp,e,r ,-iOry stal • was immexsed in- st earic acid and ex- 
posed to air at a rate of 15 "times a minute at 200° C. The 
customary etch pattern soon formed and, after the etching 
had taken pla,c«; -for period's of time -ranging from 3' to 6 
hours, the liquid rearranged itself into definite drops on 
the (llO) : pel;es wheh: the crystal was r'ais'fed above the liquid. 
If hyd regent replaced ther air , the liquid wet the entire sur- 
face crystal:. If air" replaced the hydrogen, the 

drop?' ^gai-p,: .formed at the (llO) regions. Only a small amount 
of ai-ri in. the. .hydr ogeh was sufficient to produce this forma- 
tion of: drops i-This format ion of definite drops was obtained 
above 1.60° C>ahd up to at least 270° C' where the film imme- 
diately broke into small drops. If the : prefer red wetting had 
occurred,-: additi ons of mineral oil up to '50 percent- did not 
aff .eebi the-, r-esulisvf If a freshly polished crystal was im- 
mersed! in-- old- stearic -acid which had been heated previously, 
as des cri-bed i : the drops immediately formed or. the highly 
poli shed ■ crystal : at thfe (ill) regions.' After the etching 
had proceeded for periods from 3 to 6 hours and the regular 
stearic acid pattern had been developed, the drops collected 
at the m ( ll 0 ) : r Sgi ons . If a freshly polished crystal was im- 
mersed in new.: Stearic add'd -and exposed to pure oxygen at a 
rate of 15- dimes a minute, the 'drops formed in a short time 
( several minutes, to '.art hdur) at the (ill ) regions . Palmitic 
and myr-istiq- acids unde‘r- the first conditions described pre- 
vi ousl-y .showed -a- 'simfrar preferential collection of drops at 
the (llO,) -r-e.g-ions .- : Th,e unsatuxat ed a'cid, 'Oleic acid, did 
not show tiie -f or mat ion of drops under the same conditions. 
Five-percent solutions' of callcium stearate-, aluminum stearate, 
and zinc stearate in: stearic 7 acid 'exhid'i't' fed preferential wet- 
ting of the (110) regions in 8 to 10 hours. 

A copper single crystal: containing a perfect stearic 
acid etch pattern which had developed in 12 hours at 200° C 
was transferred to f hesh ■st ehx i c'- acidU^ The crystal showed 
preferential wettability of the (llO) regions after 6 hours, 
a time dnt e-rval : c omparable to' that hfeCfess&ry to develop pref- 
erential,;- wettipg on a. freshly’ pol ished'-Crystal . 

i l ••:.< i:"..’ , 'I. I i;c IX i*i-? fe V 6 >1 9 k 30 :.: 

Ar polycrystalline ..sphere of c&i>pet exhibited wetting re- 
sults similar to the s ingife eery-fetal spfifer e'at ? 200° C . In 
fresh -acid the liquid "first hfegan t o 'exhibi t nonwetting of 
the surface iii 5 to 6 hours A Stearic acid previously heated 
in contact with copper for '12 hour's showed no signs of wetting 
the ,-coppeii -;surf ace ■ f or -the total Running time of 3 hours. An 
etched surface react ed d-n 'the 3 feme 'manner as an unetched 
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surface, the stearic acid wetting the sphere for 1 5* to 6 
hours, then no longer wetting it. The surface remained com- 
pletely wet in atmospheres o,£ hydrogen and nitrogen after 24 
hours when the experiment was concluded. 

• •• ». . ut ...» 

An attempt: .was made to. correlate th‘e" Vetting of a cop- 
per single crystal by stearic' acid with the wettih-g oif a 
platinum spade dipper at 200° 1 Q. The.; platinum diyper’-'was f --- r 

cleaned by heating to redness in a Suns' eh "/lame, it r 

cooled L in airland dipped in the stearic; a'ci d‘ / : c The -fjifr s-t ' r s ? ; - ■■ 
signs of preferential ability to wet with c Oppe^'-Vere ■h-o'tett’T 
after 5|r hours of heating aqd continued f or 11 Hohir’sV' ~ i; The '%‘» 
first signs of a finite contact .angle of -st ear id acid -'em t‘r>. ^ 
platinum were. n,oted in 7 hours, the maghi ; tude'' t of '-i- 

increasing with time until a total of l'T. ho'urs. ' With' -'Sam- 
ple of stearic acid heated Out of contact with -copper "'the • 
first signs of a finite contact ahgle df the- stearic acid' On 
the platinum dipper were noted in 22- hbursv * -these "results 
appear to indicate that an' oxidation product ‘of^btearic acid 
is responsible, for the preferential wetting of the copper sur- 
face . • 


Monomolecy..iar. layers of oleic acid were put on freshly 
polished slices of a (100) plane and poly cry s talline copper 
and the contact angle of water measured by the method of 
Langmuir. (See reference 3.) Consistent results were ob- 
tained with the (lCO) slice, the contact angle of the water 
drop varying from 81° to 84°. The results with the poly- 
crystalline slice were not so consistent, the magnitude of 
the contact angle varying from 48° to 7],°, apparently with 
the degree of polish. The possible significance of these 
results will be considered under Discussion. 


Carb oni zat i on . 

When a single crystal of copper was alternately immersed 
in used aviation oil at 200° C and exposed to air at the rate 
of 15 times per minute, carbonaceous residues of vary ing •' c 
kinds deposited on the ■ crystal ihe nature of "the deposits 
varied with the atmosphere above the ‘li'ouid /‘-‘and w i t ; K - t’h e ’■ 
time and temperature of '.-heat ing^ In atmospheres of ^hydrogen 
and nitrogen, neither carbon formation nor etching occurred. 

- * In atmospheres of oxygen or. .circulating air, colored lacquers 
rapi dly ; f ormed .pr ef er ent ially wi th plane aria refiAified-'-f or 
per i od f * qf jme ,qp , t. o 20' hours before preferential etching 
s tar t ed * . Ia,.a.^6ppheres, of . s t i li air the'results varied with 

time a§ described;, in the following paragraphs :,r - 

.'l' _ , • : ~ ?cf,ns * > .. 
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■v. : .'There 'seems to be four distinct possibilities : 

'j ; ) \- ,.■* • ** : : ! * *■' ••••'■ 

1. Formation of a colored lacquer which is completely 
irremovable 

, . . •** r 

2.. Formation of a heavy dark brown lacquer which can 
be removed preferentially with plane 

■ .1 ' ; & r. r ' 'it : 

brc3.;' Formation of a heavy black deposit which can be 
■ preferentially removed 


4. Strong preferential etching without strong adher- 
- <i 'ehce of the carbon deposits to the metal 

. . • 4 . • . 

-,;Oy?C ?}■.'■:>•••' 7 ■ '■ * ' 

i o Co l ot e d' .1 a c q u e -r . - This formation Occurs in s-hort inter- 
vals of 'time, generally in 3 to 8 hours. The crystal appeared 
very bright and lustrous and exhibited a rather ill -defined 
i-nier-f erenc'e color pattern. In moving air and moving oxygen, 
lacquer formation predominates for long intervals of time, 
occasionally to 20 hours. In the latter case severe rubbing 
with ti-s su-e ; wil 1- induce a pattern, due to the preferential 
s calling of f- of the deposit in certain areas. The fact that 
the areas which scale of? in the (ICO), (210), (123), and 

(110,) regions- are small suggests, that, the lacquer is predom-. 
inantly oxide, since these areas are the most active toward 
oxidati-oh at : 200° C. Oxygen and moving hir mhy prolong the 
life of the : 'cblbred lacquer, since oil is a dilute solution 
of acid and the excess oxygen may inhibit the loosening ac- 
tion of the acid. The initial rapid rate in oxygen may form 
a mOre •' hhnipac't oxide surface which re'sists the attack of re- 
active! acid - molecules • * •' •• • : - 


heavy brown lacqu er.- This formation'' occurs in- 5 to 7 
hours , . and ..the • deposit is very definitely preferential in 
its ability to be removed by rubbing.' Prior to rubbing, the 
su-r-face has a • dark brown , Slightly lustrous appearance.- It 
does;.- not ; resemble any color or texture of oxidation in air 
previously encountered,' The pref erential - removability-’ Of 
this laqquer hds been encountered in all 1 s tagds ' of develop- 
ment*;. Thelvarioiis patterns developed" with' increasing time 
are: 

; A . thin ring around all (ill) poles-, passing through • 
the six (123) poles, is first removed. The re 1 ' 
moved ring widens in time, occasionally most 
rapidly toward -(ill ), or most rapidly toward (100) 
-o and (110) poles. • 


r~ J X . 
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2. The . rin.g ,has ^widened .-.t o ,-auch an extent that all the 

deposit is removed except a large square at (lOO) 
and .a. small, circle Tat "('I'll ) poles. 

3. The only deposit removed is a wide circular area. 

surrounding and- including the' (ill") region. 

4. All the deposit is removed except a small triangular 

area at the .(ill) pole. The patterns described 
in (2), (3), and (4 )’ apparently ' occur depending 

on the rate of the ring widening described in (l). 

. • { * a f * T 

In all cases,. of heavy brown lacquer formation the traces 
of the used aviation lubricating oil etch pattern were,.becom- 
ing apparent. This .f act . indicates that the method of -deposit . 
loosening is a direct attack upon the. copper-deposit iriter- 
face. It appears that diffusion through the deposit and at- 
tack at the interface always occurs most rapidly a't the (123) 
pole positions. 1 . 

' The phenomenon of heavy brown lacquer depositi’bn' defi- 
nitely is not due to exp.ans i on-c ont r act i on effects-;- Similar 
results were obtained if the crystal were wiped while hot, 
agitated in a sand-oil mixture below the level of the oil, 
w'iped after cooling in air, wiped after cooling below the 
level of the oil, rapidly cooled in tap water before wiping, 
and rapidly cool ed . in aviation oil at room tempeiiture be- 
fore wiping. * i: * •' 

Heavy black deposit .- This type Q.f deposit only occurred 
if etching had not occurred to an appreciable-extent. It is 
noted in time intervals of the order of 12 to 24 hours. The 
ease of removal, in order of decreasing" ease, is (110), (100), 

and (ill). Generally,, only a large area surrounding the. 

(ill) pole retains it^. deposit after vigorous rubbing with , 
tissue. (See fig. 6.). It appears: that this effect is largely 
an expansion-contraction effect since the heavy deposit is 
only encountered after rapid cooling, the deposit appearing 
like a frozen mass. If the crystal is wiped while. hot, the 
deposit, which. would have been rigid if rapidly cooled, has 
the texture and appearance of thick grease. Beneath this 
readily removed grease layer the crystal has a dull gray 
lacquerlike appearance, the lacquer being much darker at the 
( 1 11 ) areas . ' - • ' 

Etching . - When strong etching occurs no lacquer or 
heavy black deposit is encountered. Etching will always oc- 
cur in time intervals greater than 24 hours, but will quite 
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of ten > occur-- in • shorter intervals of time. The (ill) planes 
are developed-. Apparently the occurrence of the preceding 
four phenomena i s dependent upon* the correct acid-oxygen 
ratio, the time inconsistencies being explained on this basis. 


.'Wear; •Experiments 

* ... * 

A polished copper single-crystal sphere was clamped in 
a chuck attached to a motor, rotated at 1725 rpm, and rutted 
with a strip of lead foil, A pattern of -. t ri angular dark gray 
areas in the (ill) regions resulted. This was attributed to 
lead which had scaled off the .foil -and preferentially adhered 
to the (ill) areas due to the predominance of slip lines in 
these areas. Slip lines were readily visible under a magni- 
fication of 135X, and in the majority of instances lead could 
he seen to have piled up like snowdrifts along these lines. 
Similar preferential adherence to the (ill) areas was noted 
in the presence of us ed • aviat i on- lubricat i ng oil as indicated 
below. A polished copper single-crystal sphere was attached 
to a rotating mechanism and pressed against a lead sheet im- 
mersed in u,6ed aviation lubricating oil heated to 200° C. 

The contact pressure was- regulated by means of a guide wire 
which ran over a pulley -to a balance pan on which weights 
were placed. The sphere s erved-. as, : anode and the lead sheet 
as cathode, and a current; was passed through the circuit. 

When a load of 200 grams was applied and current of 2.25 am- 
peres at an applied potential of 50 volts, the potential 
drop across the lead-c.opper ; contact was 0.3 to 0, 4-volt. A 
negligible- amount of scratching and no lead adherence oc- 
curred. However, when the load was reduced to 50 grams i-. 
sparking occurred which apparently melted the lead and caused 
it to adhere preferentially to the (ill) r egi ons- al ong the 
band of rubbing. A preponderance of slip lines was visible 
in the (ill) regions. 

Several interesting facts were noted when the apparatus 
described- ya$ used in the presence of stearic acid at 2000 
to 300° C. The results may be briefly summarized: 

T >• r: v ; - • ; at" *. * \ 

1. The sphere became badly scored and scratched in time 
due to the deposition of copper on the lead, the 
f ■ scratching ; then -being due t o , the • rubbing of cop- 
V . -..per on copper • ; .- 

:v. 2. Spar k4ng; ; readily ^caused the lead to melt and to ad- 

,here -to the -copper sphere. 
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* ■ : 3A Vklh.en .a copper. Cja-tkoie,, ,was used and sparking condi- 

• - 1 *' • •' . t i oirs :QjhQ : sen f . s''tea^rid/;aci :: d'‘ 'decomposed -and 

• v - f orrmed' .a -very thick adherent layer of carbona- ■ 

• ‘ ' ceous: 'material. V. ? * ’ - • ; 


4. Under nonsparking conditions the lead rubbed off and 
adhered preferentially to the roughest areas of 
the rubbing surface. 


f ■ 1 * . . -t . . , t . 

'■■■.! Mixtures of an.Qilihess Agent and a • • •• 

~ * hit * •••••;« * '• x* J - ’• • •* • .*• ' • * •• • 

"; r ' - • .-f.v Ghemic : al Relishing Agent - • • •■' ' • 

Th'be'e- exper iment s w.e,re carr i ed out' at ’ 200° : -C wi th a- 
mix'tuVe- : of' 1C per c& nit- stearic., acid and 90 percent tricresyl’ 
pli os p-h^a t'e , ' * ah d three,,; with 90 percent stearic a-cid and' 10 . 
percent- 'fricresyl ‘ph'disp-ha-t e ..With.' the '10 percent steari c . 
acid, a-n etch .-pattern characteristic of the acid formed /in’ 
about 20 'minutes , and an in,s qlu.b 1 e . f i I'm formed in about ’l-^J 
hour's." Weight measurements ..indicated that appreciable etch— 
ing took place -Tin ti 1 the f ilm i . b eg an to 'form;' ' but that e t che 
irig' wdt -appreciably ^reduced , by this film. The 10 percent, 
phosphate mixture ■ showed • a greater film-forming tendency 
than the 90 percent,. In general, t ri cresyl phosphate ap- - 
peared to'reduce the preferential etching by the acid and 
produce a< smoother surface. . . 1 ‘ l . > ' y ■■ i • -•■; 

• ’ - ’< • . r . , ''7 ! 7 * •" • •• 

'* -Wi'th-T 5 percept s tearic, acid, and 5 percent tricresylto.. 
phosphate 'in mineral oil at 200°; C, the customary' 'St'earijc i. 
acid' pattern appeared In 1. hour and the customary phosphate 
film in- about 22 hours. .In. 24. hours no appreciable pyetfjeip- 
ent'ial etching:! was (nrotice.able..^ " ; *• * 

* ' • ’ t 7 V; :* • ' • ‘‘ ’ . * J * 


5 Percent Salicylic Acid in Trichesyl Phosphate , • 

* • I ' * • . ' - n t , . *. , 

6 her-cent • Phosphoric .Acid in Tricresyl Phosphate , 

* », I . ’ ' ■ • . ■ ’*: / ' ' -i .. ., 

and 5 Percent Benzoic Acid in Tricresyl Phosphate 

« * Anlat. tempt was made to identify the etching compound 
'present', in used tricresyl phosphate by comparing the pattern 
obtained from used phosphate with the pattern' produced by a 
known compound. Salicylic acid sblution reacted like undi- 
luted tr i cresyl . phosphate . The phosphoric acid solution 
pitted the crystal but gave n.o. definite pattern! '■ The solu- 
tion of benzoic acid produced a very definite pattern within 
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2 minutes which was similar, to t.hat obtained, with used tri 
cresyl phosphate. This latter experiment suggests, hut does 
not prove, that one of , the oxidation products of tricresyl 
phospjhate is benzoic acid,. , 

T t : «*. : . : r * ‘ • ,'i - * ■ ' f • • ' tr a r. 

• ' ' * • • • \> • 

A Copper Crystal Plus 5 Percent Calcium Stearate and 

. • , • i • » • . > I » ■ . f . . Q 

5 Percent Tricresyl Phosphate in Mineral Oil at 200 C 

Two experiments were conducted using the alternate- 
i mmer s i on-and-exp o sur e- t o-air method, and one, allowing the 
crystal to. remain in the liquid which was stirred vigorously 
and through which air. was bubbled. Blanks of 5 - percent tri- 
cresyl phosphate in mineral oil Were run at the same time for 
comparative purposes. In the two alternate immersion experi- 
ments the crystal first: became oxidized and then etched pref- 
erentially. No trace of any film was found on the crystal, 
the calcium stearate appearing to function as a detergent. 

At least, it, prevented s the formation of the usual film. In 
the experiment in which' the crystal was continually immersed 
in the liquid, at the end of 24 hours it was covered with a 
very heavy tar which was easily removed by rubbing. When 
the tar was removed, ^definite etch pattern was seen and no 
film underneath was noticeable as was the case when calcium 
stearat.e was absent. 

- • 1 ; ■ A ■ ! V 1 •: • V • >» C » ■ . t. 

.. - u . ■ . • . 4 ■ : ... 

Etching by r .a. Series of Paraffin Acids 

* • ** l ii. / X .* i * i ; . * ’ * • 

*• ' .1 j l »* .} ? \ r '• ' j " l 7 

In order .to determine t’ne r ef feet of increasing complex- 
ity of molecule on etching characteristics, the first experi- 
ments carried put in this. , pro Jfjegt were those on 'the etching 
of copper by a series of paraffin acids. Acetic, propionic, 
n-butyric, n-valerlc, 'pnd mypi’stic aci,d.s were studied. The 
crystals were alternately immersed, in acid' and exposed to 
air at the rate of 75 times per minjite, Since the lower mem- 
bers of the series boil at temperatures slightly above 100° C, 
all experiments were' conducted, at 100° C. Micrographs of the 
major planes of the first four acids were taken at the end of 
3, 24, and 48 hours, micrographs of planes of the last two, 

24, 2.8, a,nd 72. hours. . ;Saeh acid gave, a distinct pattern, but 
there appeared to be no systematic change in the pattern in 
passing -from one acid t o the next higher meinber in the series. 

* ;< r i ‘ 5. r-i ■■>:!* f J • \.l.? « v Iv 

- > V* O' l 4 > } [ n; v ;v » { j *• “ 9 C : *. . «. • 

. • '? a ■ ** • ,* ; o - >K.i ~ y .*> • j 4 y y j i. r> l . ** 

4 j . „ v r r» - :. ? • ft «<(> tT ' •; ; * r • .- ' : .*• - ?>• 
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' 'R'e'arr angemeht Due to ’Ao'tio'n o : f Hot. Q*hq&s v. f .. 

*•': O/l.-? • • •: ; .s •. . -1 

• '* > 

Very striking surface rearrangements were obtained on a 
highly polished copper crystal due to the catalytic reaction 
of gases at temperatures considerably below the melting point 
of the metal. The reactions 'were highly -specific with the 
gas. In ..some regions very striking facets were developed, 
in others, irregular roughness waS obtained, while other re- 
gions seemed to be completely unaffected. Such rearrange- 
ments may be of considerable importance t'o’ those parts of an 
engine which, are subjected to the action of hot gases. Not 
only is the (surface roughened in some regions, which would 
increase wear, but a considerable amount of metal is evapo- 
rated during these reactions. Very striking rearrangement s 
were produced on copper by the reaction betweeh hydrogen and 
oxygen at a gas temperature of 400° C t by ammonia and oxygen 
at 500° C, and by the action of ammonia alone at 500° C. The 
s i n ; gl e-c ry s t.al method of study is especially suited for de- 
tecting and 'following the course of such reactions. Photo- 
graphs of a copper surface, on which the hydi* ogen- oxy gen reac 
tion has taken place, are shown on figures 9 to 16. 


iCl ectr ocherni cal Reactions 

The electrodeposition of copper on a single crystal of 
copper has been found to vary greatly with crystal plane. 
With an electrolyte containing copper sulfate and sulfuric 
acid at a low current density of 2 milliampere9 per square 
centimeter for 450 hours, a single crystal in the form of a 
dphere was converted into a polyhedron, exposing largely the 
(ill) planes. At a current density of about 20 ma/cm 2 tire 
deposit followed the orientation of the underlying crystal ' 
in some' regions, but in others, new randomly oriented nuclei 
were formed. Thus, after about 6 hours of deposition, part: 
of the sphere was covered with a single-crystal deposit and 
part of it was a polycrystall ine deposit. If the current"! 
density was increased to about 80 ma/ cnl 2 ’‘the entire • surface 
became covered with a polycrystall ine deposit i-n 'a 'short - . ■' 

while. • *’ ' . ' ' ■ •••’>' * • 

v ’•• • . , r •: .? V. V si? , .?•' , 

Galvanic' action between two ’metals in aqueous a olut ions 
' varied wi th 'plane. When a s ingle-crystal- "sphere ‘ Of- 'copper 
in a solution of copper sulfate was connected electrically 
to a crystal of zinc in zinc sulfate and the two solutions 
connected by a bridge of potassium sulfate, copper was de- 
posited preferentially with plane on the copper crystal and 
zinc was etched preferentially from the zinc crystal. This 
effect has not yet been tested in oils. 
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- • a : p r :: .1 Elect r.olyt,ic Polishing of Lead 

'* yii < .<;r ;• 

Lead sphere s 4 we^e elect rolytically polished as anodes 
in a ‘cell, Qpns is : t.iivg. of a cylindrical lead cathode in a 150- 
mi 1111:1 txer he.a&er . f( 3? he. solution was stirred vigorously, and 

the c.u .r r e. n > A e xi.s i .ty T >{as 20 to 25 aniperes/s q dcm at a poten- 
tial of 5 to 8 volts. Fluctuations 'of the 'voltage occurred 
at the polishing point. This treatment gave? a 'fine finish 
if the initial surface had been made smooth by mechanical 
polishing, but it was impossible to rub lead with emery pa- 
pers due to recrystallisalion. Small indentations that 
formed in the. .surface during growth due to air bubbles were, 
therefore, preserved during electrolytic polishing. 


» ‘i r 


' v *• 


fh e polishing liquid had to be renewed frequently to 
prevent^ the f pf mat i on of lead dioxide on the anode. Tarnish- 
ing Of ,£he .-surface was reduced by • removing the sphere from 
the liquid, before cutting off the current, and the sphere 
was immediately placed in distilled water, washed with alco- 
hol, and, dried in a current of wabm air. A clean, bright 
surface. was. maintained for several hours. 

~ *• ■ ' r; t . ; ;; . 

• f G • cp .« » 


v few 


Oxidation 

•fT^vVi rlOxi.j 


Paint oxidation c-cfl or patt ernt .as :shown on figure* Z\ 
were formed' in; stVeraP ini -nut -e so -hy: ; -he a.t,in-gi lead' crystal^. i 

in air and' Oxygen at 150° to 250°. Cv: The patterns did not 

consist of well-defined bright. color.sC like thO:se obtained 
with copper, but 'in general-, Lead'* ."was roxidl zie-d only slightly 
preferentially' with plhheV v : This [ 'in'aj^^ v be; due to the tarnish 
layer which forms so Y-eadlly on ’t-h y e surface prio^ to heating 
in air.’" " ' :/ ’ v ' L ^ ,* ; . ; 4 ' " ' 

*i 


s f: » 


(XJ,£) 


to 


:i i .o . i 


1 i /t? . **. j -f .v i t f 

s< ■ * 0 i] t ■ i f t :r 

! * ' -'Mineral •"'Oil ' 


q .«• , } : c .. . x .. , i i : i* • ' J i- 

Mineral oil in an dtniOsr.'heEe of air . - A color pattern 
consisting of circular (iQO) areas started to form at 100° C 
in 2 hourjg an£ yas yery striking at the end of 5 hours. 

After 14 hours . y allow-^-o^ange flakhs began to scale preferen— 
tially from the (lOO) regions ari& in time the entire surface 
of the sphere sh'owed this scaling- phenomenon. The weight 
loss in 5 hours was“ 0, 004 g' and in" 24 hour s V 0. 024 g.. Re- 
sults at 200° C were similar to- those obtained- at 100° C. A 
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color pattern of active (100) areas formed within a few min- 
utes, and preferential scaling in these areas occurred in 90 
minutes. In 3 hours the entire sphere exhibited this scaling 
property. Electrolytic etching in the lead-polishing liquid 
after b hours heating in mineral oil at 200° C developed a 
yellow circular area around the (lOO) region. The facts that 
scaling started preferentially at the (lOO) and etching de- 
veloped the (lOO) regions indicated that the oxide, or the 
mineral oil-oxide complex, was thickest at these regions. 

The loss in weight in 24 hours was 0.028 g. 


Oiliness Agents t 

Stea ric acid in an atmosphere of, hydrogen . - At 200° C 
in unpurified tank hydrogen a crystal: sphere lost 0.015 g in 
'5 hours. In a comparable length of time in hydrogen purified 
by passing over heated copper wire, the lead crystal lost 
0.003 g. These values should be compared with 1.047 g lost 
in "5 hours in an atmosphere of air. In spite of the small 
weight log's in hydrogen, an etch pattern consisting of strong 
specular reflection from a large area surrounding the (ill) 
regions was noted. Since this pattern was similar to that 
obtained in pure air, it suggests that the small weight losses 
in hydrogen were due to traces of oxygen. 

Stearic acid in an atmosphere of air .- Lead was greatly 
attacked by stearic acid, but the reaction was only slightly 
preferential with plane. Crystals reacted very similarly at 
100° and 200° C. The weight loss in 5 hours at 100° C was 
0.3467 g and' at 200° C, 1.047 g. In b-oth instances weak 
specular reflections from the (ill) areas became apparent 
soon after the' experiment was initiated. Six narrow bands 
radiating from the (ill) pole had the power of diffracting a 
beam into colors depending upon the angle at which the' sur- 
face was viewed. The entire surface of the sphere appeared 
very smooth and only under inspection at the highest magni- 
fications could minute facets parallel to the (ill) plane be 
noted. When the crystal was raised above the level of the 
liquid, the film of liquid broke rapidly and formed into 
drops which rolled off the. crystal. 

Five percent stearic aoid -in .mineral oil in an atmos - 
phere of • ai r . - • The weight loss i"n 5 hours at 200° 0 was 
0. 405 g, 'and 'a pattern of specular reflections from the (ill) 
regions developed in 5 minutes, remaining until the end of 
the experiment.' Drop formation occurred when the. lead, sphere 

A \ ' ' 1 ' • ‘ 
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was suspended .above ,-the level of the liquid, the drops appear- 
ing to-be ‘preferentially wetting the (ill ) regi ons.* This re- 
sult was uncertain since all drops rolled rapidly from the 
sphere . 


Oleic acid in an atmosphere of air .- Similar results 
were obtained at 100° and 200° C . During the entire experi- 
ment' 1 the lead ; cry s tals remained wet when suspended above the 
level of the liquid and the surface appeared vefry bright and 
smooth . r When vi ewed with a flashlight in a darkened room, 
very weak- reflections from isolated minute spots appeared 
normal to the till) poles, and diffraction patterns of eix 
bands radiating from the (ill) poles, as described in the case 
of stearic acid,, appeared. The weight loss in 5 hours at 
2000 C was 1,8953 g. ' s: " : r-! ‘ M r '- 

■ 4 * V r » - • J r » ^ e . 

Methyl stearate in an atmosphere of air - The weight 

~ - j . ** • ■ ~ — — - ■ .*" ** ***** ■ imi j 

loss ^Ln c {5- .hoprs a.t 2 0 0° C was 0,8 52 g, A pattern of' -specular 

reflections, from an entire hemisphere normal to-' th- e : (ill) 

planes developed in several minutes and continued until the 
end of the experiment. In one case when a copper supporting 
v/ ire was used, a thin film of copper deposited on the lead 
sphere • 

*•; { • ; *•- % I'.’ ' .* *:o nfvo \ 


Polishing Agents 


;; . T.r,icre8yl phosphate in an atmosphere of air , - Tricresyl 
phosphate 'preferentially etched a leads ip gl e-crystal sphere 
at 100 Q Jand •^2Q0^. ; C 1 j No heavy lacquer or/' surf ace : f ilni could 
he detected .with ; the; r .. eye. The weight /^o^s at l00° C/ was ‘ ' 

0, 0067 g. in 5 hours an^ 0, 024 g in 24 hd\ir§«. ,.At 200 C the 
weight .?loss was 0, 0Q5? ;-g in 5 hours a’ndL Q. 00^5 g in 24 hours* 


vsaj iiti 
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oils 
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New aviation : lubricating , oil. , an atmosphere of air . 
Negligible weight 1 oeees wer e :.de t e.c table'.; at 100 . and 200° C, 
Th9 surface rapidly became dark and remained so until the 
end of ; the 24-houl,:: period,-, ; ■ v, ; - j •. 

mo-v • 

Used- aviat i onv. -lubr icat ing oil in, an- atmosphere of air . 
Used aviation lubricating oil very, slightly attacked, a lead , 
single-crystal sphere at 100° G , the weight lo$s being, •, jl . : 
0. 0008 ' g in ' 24 hoUrS^ = No: signs of etching, or .carbon deposi- 
tion were apparent. . The weight loss in- 24 hours at 200° C 
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was. .0, 044 g’. Kb carbon 4epo.siti.oni. was visible, but strong 
preferential.' etching ob cut red with 1 the development of (ill) 
planes , ' " ■ ’ s . 

' ' ; Amines 

DoAedyiAmin:e in an atmosphere of air .- No signs of pref- 
erential' etching' appeared -when a lead s ingl e- cry stal sphere 
was subjected to the abtion of dodecylamine for 5 hours at 
200 3 C, The weight loss in this interval was 0,008 g. *' 

Other' Evidence of Preferential Etching 

"I » 

Striking pr ef erent i al etching occurred in the following 
reag ents. - (l) Electrolytic etching at low current densities 
in th,e r iead-polibhing solut-ion. (3) Acetic acid-hydrogen 
per oxVd'e mixture . ■ (S' ) Acetic acid-nitric acid-water mixture. 

. ‘ ” ") ji 

" 1 r re - : IRON . ' , . 

Growth of Single Crystals • 


Owing to the inability to grow large crystals of iron 
by the conventional method of slowly cooling, it has been 
necessary in ‘this study to make , a special investigation on 
th‘6' pr epaiat ion of iron.' At the present time, irregular- 
shaped crystals about' l/4 by l/2,by 1 inch' have been ob- i 
tained. Since larger crystals nave not yet been grown else- 
where a* far 'as can, be- determined and since the subject is ,..' 
of interest to the science of metals, a bribf r eviev’ -bf ’ the 
present state of this subject is included along with this 
description of results. 

•It was originally^ th-ought that large single crystals of 
i.ron could not be grow.n by slowly cooling the melt due to the 
fact- that iron changes its crystalline structure- at about' 

900° C, thereby converting any large crystals of one kind 
which might have existed above this' temperature into small 
crystals of another, kind. f It has been shown that such a 
change dpes take place when the metal is cooled without spe- 
cial treatment, Furthermore, single crystals of 3-percent 
silicon-ippn alloy, which does not 'undergo a phase change, 
have been ‘grown by slowly cooling a melt. 
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Prior to 1924 it had" Veen found that if carton was re- 
moved from iron or steel and the metal deformed in some man- 
ner, such as "by stretching' or rolling or even stamping, and 
then heated for at least several hours at a temperature close 
to hut below 900° C, abnormally large grains grew in the de- 
formed region. In the middle twenties, Edwards and Pfeil 
(reference 4) and G-ries and Esser (reference 5) made exten- 
sive studies of the formation of these large grains. They 
attempted to remove the carbon from the iron by heating for 
1 ong peri ods • in hydrogen at temperatures from 950° to 1050° 0 
and- found it very difficult to remove the carbon from the 
interior of thick pieces of the metal. Thin strips, about 
1 /8 inch ‘thick, finally were adopted. After removing the 
cahb on the bars were deformed by pulling or rolling and final- 
ly annealed in hydrogen at temperatures a little below 880° C. 
Both groups were able to produce fairly large grains some of 
which extended several inches along 1 / 8 — by l/2-inch bars and 
occupied the entire cross section. There were always a few 
tiny crystal grains imbedded in the large ones. The two groups 
were not in complete accord as, to the details of procedure, 
especially the exact amount of deformation. Gensamer has 
recently attempted to' repeat the work of Edwards and Pfeil 
and found that, "The preparation of large crystals of iron 
by this method is much more difficult than it appears to be" 
(reference 6). He was unsuccessful in applying this method 
•to the purest available iron and found it necessary to de- 
carburize mild steel in hydrogen for over 2 weeks. The pro- 
duction- of the crystals was found to be somewhat sensitive 
to the manner in which the metal 1 was cooled. The best crys- 
tals were only 3/4 inch long and not quite 1 / 2 inch in diam- 
"et'er. In accord with the other experiments it was impossible 
to avo'id a number of minute crystallites in the large crystals < 

i % / 9 ' . * . * 4 .• « 

In 1934, Tange rd ing (reference 7) showed that, if one is 
working with sufficiently pure iron, the strain in the dis- 
torted crystal lattice at the grain boundaries may be suffi- 
cient to promote grain growth to a marked degree. The re- 
sults also indicated that impurities other than carbon may 
have a marked influence upon single-crystal formation. More- 
over, Cioffi of the Bell Telephone Laboratories in a private 
communication describes experiments which show that by employ- 
ing the proper method and the proper kind of iron the strain 
produced in going from the gamma to the alpha phase is suffi- 
cient to produce enhanced grain growth. 

In all the foregoing studies the purpose has been either 
to find what measures 'might be taken to prevent grain growth 
or to produce grains satisfactory for studying the magnetic 
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properties of .single iron crystals. In no cases have crys- 
tals been produced which would be satisfactory for machining 
into 'spheres -for. chemical study, and all crystals produced * 
have cont a'i ned i mper f e ct i ons in the form of tiny crystallites 
The conditions under which any particular piece of iron will 
yield large., cry s tals have not been established nor is there 
any satisfactory explanation for the observed grain growth; 


In most of the experiments conducted in this laboratory, 
the method of .Edwards and Pfeil has been used.. The metal * 
employed was a .cold-rolled steel, containing Q. 08 to 0,16 
percent carbon.. It- was decarburized in moist hydrogen for 
periods varying from- 18 to 72- hours at temperatures- varying 
from 950°. to. 1050° C,- elongated from 1 to 4 percent by in- 
crements of 0 ,. 5 percent and annealed in moist hydrogen for 
periods varying . from 18 to 48 hours. All combinations of 
the preceding factors have by no means been tried. The 
greatest irotible has been encountered in removing the carbon 
from the thick (1/2- to 3/4-in.) rods. If the steel had not 
been decarburized long enough, the carbon on the interior 
prohibited grain growth,, thereby producing a rind of very 
large grains’ about a core of minute' ones. Grain growth 
starts at bh.e surface of- the bar, and the grains proceed to 
grow radially toward the center. The trace of carbon. and 
other impurities in the grain boundaries is apparently pushed 
ahead of the growing grain and is concentrated in the decreas 
ing boundaries until sufficiently concentrated to stop grain 
growth. Further 6eating\has been found to have no effect on 
grain growth. This method-,, whi ch at present has produced 
grains ri| inches long and extending to the center -of a 5/'8- 
inch rod', /.Should be studied further to determine more' r.exact- 
ly the optimum strain in rods which have been drastically 
decarburized. A few experiments have been conducted wi.th 
Armco iron using this same method without success..* This pos- 
sibly may be attributed to a poor i hi ti al grain, s i ze , Other 
experimenters have found that good- Results can be obtained 
only with an initial grain size Of 120 to. 140 grains-per 
square millimeter, and the -Armco ’specimens studied had an 
initial grain' size of about 9 0. grains’ per square millimeter. 
It may b# possible to produce small'er grains by suitable de- 
formation aria' heat treatment.. Preliminary tests have been 
made on Cioffi's "gamma-alpha str'hin"’ method, and- a decided 
grain growth’ had been obtained in large bars of. Armco iron 
without any mechanical strain,. *The grains produced were not, 
however, larger than 1 square millimeter. . To determine * - 

whether or not this result . could be attributed ..to .unremoved 
carbon, l/8-inch slices of .3/4-i'nch Armco rod .were heated 
for several day's in imoi st- ihydr o*geh at 1000° C and after 

Pi ‘ ■; - '• - 
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annealing at 880° G for about a day yielded grains which had 
grown through the slice and occupied as much as one-fourth 
its area. Cioffi found it necessary to heat the bars to 
1480° C in order to remove satisfactorily the carbon from 
thicker specimens. A molybdenum-wound furnace is now under 
construction in order to use this method. 

Carbonyl and electrolytic iron have been obtained in 
order to study further the gamma-alpha strain method and 
also Tangerling's method of employing the strain normally 
found at a grain boundary. 

To determine further what recent work has been done in 
this country on the growth of iron crystals, correspondence 
has been carried on with the research laboratories of United 
States Steel and tfestinghous e Electric & Manufacturing Com- 
pany, neither of which has done much work in this field; 
also with the laboratories of the Bell Telephone Co. and the 
Carnegie Institute of Technology, whose work was described 
in this discussion. 


Electrolytic Polishing 

I 

Very “bright and smooth surfaces of iron were obtained 
by the electrolytic polishing method of Jacquet and Rocquet 
(reference 8), Mechanically polished iron spheres served as 
anode in a cell consisting of 100 to 125 milliliters of the 
polishing liquid in a 250-milliliter beaker. The cathode 
was a cylinder of aluminum sheet fitted inside of the beaker. 
The cell was immersed in a bath of ice water for maintaining 
the temperature below 25° C, and the solution was stirred 
vigorously. The polishing medium consisted of: acetic anhy- 
dride - 76.5 percent, 70-percent perchloric acid - 18.5 per- 
cent, and distilled water - 5 percent by volume. The current 
density was 4 to 6 amperes/sq dcm at a potential of 25 to 30 
volts. 


Oxidat i on 

An el ectroly t ically polished p oly cry s t al 1 i ne disk of 
Armco iron was annealed in hydrogen at 550° C and oxidized 
in air for several minutes at 250° C. Microscopic examina- 
tion indicated that definite colors were associated with 
each crystal grain, the color depending upon the orientation 
of the grain. A sphere consisting of several large single 
crystals was treated similarly and oxidized for 3 minutes at 
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S00° C. ’ Definite patterns were visible on the three larger 
grains, but it was impossible to identify the most active 
regions, ' It may be concluded, however, that the rate of 

oxidation of iron is highly preferential with plane. 

- .v n •.• v n >: ’ 

Mineral Oil 

-7 if • • 

When a sphere containing several iarge grains was al- 
ternately immersed in the liquid at 200° and 300° C and ex- 
posed to the air above, color films were obtained similar to 
those obtained .in pure air. No etching occurred within 48 
hours , 



Oiliness Agents 

Stearic acid in an atmosphere of hydrogen .- Preferen- 
tial etching occurred in 3 hours at 300° C, although it was 
impossible to identify the planes developed due to the small 
size of the grains. The sphere remained entirely wet in an 
atmosphere of hydrogen, and. the loss in weight in 24 hours 
fer a 9-gram crystal was 0,019 g. No pitting occurred. 

Stearic acid in an atmosphere of air .- At 200° C in 24 
h our 8 the weight loss in a 10-gram crystal was 0.266 g. 

Thus the loss in air was-.. Approximately 14 times that in an 
atmosphere of hydrogen. ,Et ! c)iii.ng along certain planes was 
obtained, but the most striding .fact about the experiment 
was the predominance of a djarge number of uniformly distrib- 
uted pits over the entire surface. Etching within the pits 
was also preferential as shown by ; parallel ridges visible 
under the microscope. Color films -could be seen in the re- 
gions immediately adjacent to- the pi.t s-; -indicat ing the pres- 
ence of an oxide film. This fact evggee.ts .that etching in 
air depends in part upon electrolytic action between the ox- 
ide-covered region acting as cathode and the pit acting as 
anode. The nature of these pits should be studied further. 


Polishing Agents ,-i : 

Tricresyl phosphate .- A preferential oxide color film 
formed on: the surface in several hours at 200° C, and within 
20 hours a heavy black sludge formed which was readily re- 
moved by agitating below the level of the liquid, A slight 
gain in weight in 24 hours was noted. '• 
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Commercial Oils 


Unused aviation oil .- When tijte sphere was alternately 
immersed in liquid and exposed to air, a preferential oxide 
color film formed in several hours at 200° C and remained 
until the end of the experiment in 24 hours. No etching was 
visible on the surface, and the weight change was negligible. 

Used aviation oil in, atmospheres Of carbon. dioxide an d 
hydrogen 1 .- No etching or color films occurred at 2000 Q. - The 
remained bright and^shiny and the weight loss was neg- 
e. ' . 


sphere 
1 i gi b 1 


U 

etchin 
A pref 
remain 
a pref 
hours 
coveri 
When t 
black , 
int ens 


sed aviation oil in an atmosphere of 


air.- No sign of 

hours at 200° C . 


g or carbon deposition waSi .noted after 48 
erential oxide color film formed in several hours and 
ed to the end of the • experiment in 48 hours. At 300 
erential color film formed in 5 minutes, and within 2 
the surface became covered with a heavy * greaselike 
ng which was readily I removable by rubbing with tissue, 
his layer was removed,- the surface was covered with a 
lacquerlike -covering, -which could not be removed, wi th 
e rubbing. The- sphere gained 0,001 g in. 24 hour6» 


Displacement of One Metal by. Another 

A polished iron sphere was placed in a solution of copper 
stearate in stearic acid a $-2Qp?G* Copper deposited on the 
iron very rapidly but no signs of preferential action were note , 


Rearrangement Due to Ho't Gases 

’if: ( • v .. '• . *. «> v. 7 ,'j -V 'v / ■ : - -. . 

A polished iron sphere consis tiirg^ of* several large crys- 
tals was heated at 440° C in a stream of a 5:1 mixture of 
hydrogen and oxygen f or, 4S, houx^ • ; r j Mi.cr os c opi c examinat i on 
indicated that the surface had recrystallized into a number 
of small grain's of rappr oxi m,a.t e-ly: {grain ^size^N-p., 5, A* S V T . K # 
Specifications; Tim ; surface^ay.e' the : impression that a.-. 
strained film first - had. dev&lpped-: ,o.n the surf ace' and that 
later it had uniformly- snapped , . f orming ai number of ; crevices 
which' served' as' grain b.oundat i e.s • be $t ching fpr 5 minutes- in 
concentrated hyd:roch<l:pri\c acid removed! these small grains. 


Since the si ze. of. .the ir on., c.ry s tal s has not. been of suf 
ficient size for the proper identification and study of the 
crystal - r e gl o n s ^ ^ t.tee'.s e. recsul t s with iron should be considered 
as* preliminary only;-. ' - r.- 1 •: : - • .■ *' < • * i * v 
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ZINC 


A few' preliminary* results" were Obtained. ' , , 

• ; • . . - Machining' of Zinc. - ' • *• •• 

Due, to. recry stal li za-td on,, and--, ease .' i>f shearing, great 
care must be . us ed.. in .machining’ .zinc . A number of singl.ei-. : 
crystal rods was . destroyed . Several . spheres were grown. in a 
small spherical glass vessel with a shaft extending from one 
side, but the best spheres were finally made on the lathe by 
making very, very fine, cuts with the ; cutt ing . tool , 

. Electrolytic Polishing’- ' •• 

Zinc- was el ectr oly tically ..poli shed by .a modification of 
the method of Vernon and Stroud. (See referdnde 9 . ) ’Thd ■ Vf ' 
cell consisted of 75 milliliters of a 25-percent s olut’i on ’'of 
potassium hydroxide in a 150-milliliter beaker with a Cylin- 
drical zinc cathode. The solution was agitated by passing-' 
air through it, and the crystal was supported shaft downward 
by a zinc wire. The current density was 50 amperes/sq dem at 
a potential of 6 volts. At higher current densities the sur- 
face became roughened due to adherent gas bubbles, while at 
lower current densities preferred etching occurred. 


Oxidation- 


Paint preferential color films formed on heating in air 
at 300° C for 24 hours. A hexagonal region surrounding the 
(1000) pole appeared to be. the most active,. and there was no 
fine structure" to"', the pattern. ! 

i : .i * ' * . 

Oiliness Agents ' ° ~ " 

After immersing for 1 hour in stearic acid ; at • 200° ' C , 
the crystal, weighing 12 g and having a t otal : surface 1 area- 
of 7 square centimeters , lost 0.540 g» Definite preferential 
etqhing along the (1000) plap.es was ■ obtained immediately 
after , the crystal was placed in the liquid' but this bedaine 
less pronounced with time and the surface became roughened 
all-.over. When the sphere was 'raised out Of the liquid, it 
remained wetted during the course Of the experiment. 

When a sphere, which showed pronounced i si ip lines -due 
to machining, was placed in stearic acid at 200° C, increased 
reaction as shown by excessive evolution of hydrogen could 
be seen to take place along these lines. 
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Gal v ani'c Action 


Galvanic etching, ’ ; of' a zinc crystal, has- "been d. e sc. ri b e d 
previously in the sectton on Copper, r. ;{? >. .. ; • ■ • . 


7, *• 




.. r 


Formation of Slip Lines -u : 


; ..... ' ' ' • \ \ ■ i ■ £*•• y - .. 

Slip lines parallel to :the basal hexagonal planes oc- 
curred very readily - when'-zinc crystals were scratched or 
pricked with a*pinv ; Striking pressure figures, consisting 
of three main slip lines making angles of 120° C with each 
other, were obtained when a pin was pressed into the hexag- 
onal plane. Similar lines also c>ould be seen on two sec- 
tions of the crystal which had sheared apart in machining. 

-■ j g f 

...... r," . : •' ~ •' ' • •• : ir ■: <t 4 3 c a t : ;* a b 

Preferential «. He cry s t all i 2 at i on 


•** * .r 


r» i> f 


When & sphere Which- had been machined from a bar , was ; 
el ect r oly t i cally etched in polishing solution, it was noted 
that preferential recrystallization had occurred. Two bands 
of small cry s t al 3 j ’ ab o*tlt 3 millimeters wide and 14 millimeters 
long, ran parallel to the cleavage planes near the top and 
bottom of the crydt'^^ fetching f or lQ minutes at a current 
density of 50 amperei'/sq dcm removed these small crystals, 
and ‘the entire surface exhibited a crystalline character*. 
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NICKEL 
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A few preliminary results were ^obtained. 


; rr ' 


Electrolytic Polishing; 


' 3 I 


Bri'gii't and smooth surf-aces were obtained "by electro, lyt-^ 
i cally poliih’ing ih^ a ; sulfuric acid solution, 75 percent by 
woVirfc t. . * ‘Diie celi cohbistediiof a 250-milliliter beaker con- 



nece s^ary lh" order" : tP' prevent Severe pitting due to. adhe.r ent 
gas bubbles. The "nickel sphere, supported shaft upward by 
menus' of a nickel"' w"i r re : , serv^edi as -an ode., and. the. -current 
density was 20 amper e’s / sp; at: a potential of, 6 to 8 volts,. 
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initially obtained with copper, formed at 450° C in air in 
30 minutes and remained for many hours. The oxidation was. 
very preferential with crystal plane. The colors of the 
various regions after 3 hours oxidation in air at 450° C 
we,r.e as follows: (100) and (210) - purple, (ill) - blue, 

(llO) - dark brown, and (311) straw. This indicates that 
the oxidation rates at 4500 c in order of decreasing rate 
were: (lOO) and (210), (ill), (110), and (311). 


’ Oiliness Agents 

A faint pattern due to preferential etching and rough- 
ening appeared on a nickel sphere when it was immersed in 
stearic acid at 200° C. The (ill) regions were the smooth- 
est. The loss in weight in 40 hours at 200° C was 0.015 g. 
It ha J s not yet been tested for preferential wetting. 

Rearrangement Due to Hot Gases 

A rearrangement pattern due to catalytic reaction of 
gases was visible on the surface of a nickel crystal after 
heating for 3 hours at 420° C in a 5:1 mixture of hydrogen 
and oxygen. Faint specular reflections were apparent and 
crystal facets were visible under the microscope at a magni- 
fication of 600. 


V. DISCUSSION 


Before discussing the indi,.v,i.dual results, a few prelim- 
inary remarks should be made aVout the general nature of the 
experiments. These experiments necessarily have been of an 
exploratory or qualitative nature for making a general sur- 
vey of any' factors which might enter into the chemical reac- 
tion between oil and metal surface. Special emphasis has 
been placed on the influence of crystal plan'e. An attempt 
also has been made to obtain information of other types v/hich 
might be related to the subject of friction and wear and 
which woxild lend itself, to. .the si, ngle-crystal method of 
study. Until the importance of these factors could be de- 
termined and their interrelationships understood in a quali- 
tative way, it seemed undesirable to attempt quantitative 
studies of any one of these factors. Obviously, the entire 
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t;iice of a’ 1 small group during 1 year could be devoted to the 
careful stu'dy of the influence of any one of these factors, 
such 'as crystal plane and surrounding gas , on "any one pf the 
processes, such as etching," wetting, and' 'r oughening , with 
any one of the six metals. Thus, a large number of varied 
tests has been made to determine ways in ’which crystal plane 
might influence surface reactions. 


I i •-••• 


It is believed that it is fair to say that the over-all 
purpose of this project, in relationship to the practical 
problem of reducing friction and wear in aircraft engines, 
is to determine", as far as possible, the principles control- 
ling the chemistry of the oil-metal interface. This informa- 
tion is required in order to point out those factors which 
must be taken into consideration in the design of new .ma- 
chinery having decreased friction and wear. It is believed 
that these studies have indicated the - importance of crystal 
plane and surrounding gas. Although „the" immediate applica- 
tion of this knowledge was not a definite' part of this as- 
signment, yet the question well may be asked at, this point, 
"Could friction and wear in lubricated machinery, be reduced- 
by a c'ontrol of the crystal plane, and if, so, is it possible 
to control the plane?" The answer to the first of "these 
questions is that the plane and surrounding gas have been 
shown to be important in studies with isolated metals but 
that only f\irther tests with rubbing parts can determine 
whether friction and wear would be reduced by a control of 
plane. The answer to the second question will depend on the 
particular planes which are desired. Mechanical treatment 
and addition agents in electroplating can be used to obtain 
special orientation of surface crystals. (See reference 10.) 
furthermore, if an appreciable improvement could be obtained, 
it is believed, from the experience of growing crystals in 
these studies, that very large crystals could be grown and 
any desired face cut. 

However, regardless of the practical applications which 
the control of crystal plane may have, it should not be lost 
sight of that the chief use of this method is to study the 
properties of the metals and to obtain information on the 
mechanism of surface processes, physical and chemical. The 
results will now be discussed. 


Considering the metals in ascending order of their po- 
sition in electromotive series, a brief comparison of their 
reactivities at 200° C is as follows? • • 


' r r> V 


(a) In an atmosphere of air.- Silver, as would be 
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expected; was very . unr Sact i ve and not? appreciably etched., by . . ' 
any . of . the four • types of oil.; It was the only one of the'i * ; • 
four metals studied which was completely wet on all crystal; 
faces by • stearic acid in air* a - • , ; • - 

The.- reactions of copper were highly pref erential : wi th :• 
plane. These included oxidation in air-and etching by min- 
eral oil, oiliness agents, and commercial oils. Roughness 
of i the- surface produced by etching also -varied .greatly with 
plane; Chemical poll shing, agent s t when +new , •< f ormed protec-v. 
tive films but j , aftpr being heated in ; ai r for • about 24 hours ,, .j 
etched * c opper; greatly and preferentially.' Stearic,, myristi-c,; 
and palmitic acids - wet some. planes >and not. others while the : ; 

unsaturated acid , oleic aci,d * wet all the plane? -completely . 
The f ormat i on-r and removal : of ; carb on ■ depos i t,s in -used avia-+ 
tion oil varied with plane, ; . > a 1 

Lead was by far the -most greatly . etched of the four 
metals studied. It was deeply etched by mineral- oil, stearic 
acid, and used aviation oid. . The reactions were only slightly 
preferential with plane except at 'lower temperatures when 
slow ratps and preferential etching were obtained. Lead was 
not readily wet on any of the crystal planes by stearic acid, 
and no appreciable carbon. deposi ts formed in used aviation 

Oil. - ■ .! ' ’ • . 


" T * ~ I. ; . . ■ ' « 

•. Only .small ..cr.y.s t al s- of i,ron, about l/4 inch in diameter, 
whf.ch are i^iot . entirely, satisfactory for test -purposes , have 
yet be,en obtained^.- Preliminary results indicated that iron, 
in general , r ..was .not greatly, r-e-activ-e ;but- the- ..weight l oss 
with s t.ear ic acid was ap.prac ia,bl e, -and p.i tt in-g was- pr on onneed,. 
Ox I d a t i.on in. air and etching by s.tiearic a : cid : wer;e' pref er-eh-*-: 


tial -withj plane. .I-t was -not wet t^ed -readily by stearic: acid 
when ; raised abo.v.e jt]he .;lia;uid. -. ;• . 


The results of these chemical studies, including weight 
losses, are ;summ:ari;Z ed in' ‘the following tables. T,he weight 
losses are us-eful. -for comparative purposes- only since they 
represent composite 1 values for -the many faces exposed- on the 
surface of .a s ph e r-e-. Results are given for 200°- C. Results -i 
at 100° and- 300° C are,- in general, similar, with correspond- 
ing differences in rates. ,i-s • ' " • < 


(b )• ;In. an atmosphere- -of hydrogen. ..-- The electronegative 
metals, silver and copper ,- were not- "etched appreciably , and 
the weight losses of the edectroposit iVe v metal s , 5 1 ead and 
iron, were small fractions of the losses obtained in air. 
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For example, the loss with copper in stearic acid in air at 
200° C was 5.47 g/sq dcm / day. In an atmosphere of tank hy- 
drogen the loss was 0.0017. The loss with lead in air was 
60 while in tank hydrogen it was 0.86 and in hydrogen puri- 
fied by passing over heated copper it was 0.17. The surface 
of all four metals was wet by all the liquids, and no carbon 
residues formed, the liquids appearing to be unchanged at 
the end of 48 hours. 

With the exception of wetting, preferential reactions 
similar to those obtained with single crystals were identi- 
fied on the individual crystals of polycrystalline specimens. 

Silver was conspicuous by its nonreactivity with oils 
in the presence of air. Although referred to as a "noble" 
metal, it should not be concluded that it is unreactive with 
respect to all compounds, especially gases. Its unreactive 
quality may be largely attributed to its failure to be at- 
tacked appreciably by oxygen, but it is most sensitive in 
its preferential reactions with iodine vapor or in solution, 
with chlorine, and with sulfur compounds . The successful 
use of silver as a bearing is probably largely due to its 
resistance to oxidation, indicating the importance of the 
chemical properties of the surrounding gas. If oxygen were 
not present, the chemical nature of many metals would appear 
to be quite different. It is interesting that a highly pref- 
erential color film was obtained when silver was heated in 
new aviation oil. This may be due to small traces of sulfur 
compounds. The results with silver suggest that gold, at 
least as far as chemical attack is concerned, might be bene- 
ficially used in rubbing parts. The complicated nature of 
surface reactions was shown in experiments with silver by 
the preferential formation of gelatinous films with mineral 
oil in an atmosphere of air. No such films were formed in 
air alone or in mineral oil from which air was excluded. Ap- 
parently a complex of silver, oil, and oxygen first formed 
which scaled off, leaving the surface increasingly rough. 

The complex then decomposed, giving free silver which depos- 
ited on the walls of the flask. All the reactions with sil- 
ver, which were found to take place, were preferential with 
plane . 

Copper was the most highly preferential in . its reactions 
of the metals studied. Since oxygen was known to accelerate 
greatly the attack of a copper surface by oil, as a starting 
point, experiments were conducted on the attack of oils in 
an atmosphere of hydi^ogen at 100°, 200°, and 300° C. Neither 
the basic hydrocarbons nor several types of addition agents, 
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by; t'h em? el'Ve.s attacked the copper surface. When a copper 
crystal was heated in mineral oil in air, it was surprising 
• ,-,to -.find that -the copper crystal oxidized in a manner very 
similar to,-that obtained in pure air with no oil present. 

The irate of --oxidation was * of course, considerably slower. 

• Apparently t oxygen readily .diffused through the oil surround- 
ing the crystal and reacted wit.-h> the. -cry.s t al . The acid con- 
.s.tituent s of the. oil reao.ted^with -the oxide, producing a 
faint, etch pattern. Blowing air through the oil greatly ac- 
celerated this etching because of the more rapid oxidation 
of the oil. As the oil began to form a- tar, the deposition 
of the tarry material varied with the oxidation pattern. 


o r •; 


. r: e r : . 


This variation in oxidation with crystal plane is of the 
greatest imp-ortance in controlling the action of oils on a 
metal surface. In an aqueous solution the effect of oxygen 
has been shown prev'i.ously to be important-. (See reference 
11.) If copper wap immersed in water." through which carbon 
dioxide was bubbled and exposed to air, the crystal was 
etched preferential-ly at..., room temperature. If carbon diox- 
ide and hydrogen, were, passed- through.,.; njo-v ,etchi ng took place. 
The etching was. _ .attributed* tp: two.: r;ea-C:t Icons , the oxidation 
of. the copper, and the .reac,ii-on i 'h:et;weje.n-; copper oxide and car- 
bonic acid; or. looked -at in- an-Ofther ^.ay^ the oxygen removed 
the hj/dr ogen.,. thereby facilitating the solution of the copper, 
The . s ame., .type- of react ion- has been- found to- take place with 
lower members of the -fatty acid ■ .s er-i -a,Cet i c , propionic, 
and others. Theref ore ,j it would- be . expected that the oili- 
ness addition- agents , ' stearic and- ol el ef acids , would etch 
copper preferentially at 1 00*?. G\;.Or higher in ah atmosphere 
of air. Not only did the rate of etching vary with crystal 
plane but the roughening of , the surface varied greatly with 
plane. Although the etching- act i on • c ould account for the re- 
moval of an appreciabl.ewamohntv of . material , the preferential 
roughening of -the surface >y ■ this etching might possibly ac- 
count for even .more j di|ei to. increased wear between the rough 
surfaces . , Figures 2 ; jnd -3 shov/rthe preferential roughening 
of the surf ace with crystal plane. Figure 4 shows the varia- 
tion ..-in rpughening op. .the individual grains . of a polycrystal- 
line surface « j, -It appears that the orientation of the indi- 
vidual grains ; C,an be, identified -by.;: the ^appearance of the sur- 
face,. ai; though, -^nra-jj -is required, 'to confirm this 
conclusi on. ^ ? • •• j .* <• ; • v i it a v * ■; " * 

. r-ro i 1 c 1 ' at . 5 i e i' a o • ' : • 

The etqh, pa.t.t ern produced v,. by -s teat.ric .aicid ch-arrged dur- 
ing a period of 6 hours until fi. te&$ t»isc. Ipa-t tern was 
obtained. By renewing the acid every 3 hours, it was shown 
that the chapg.e „in pattern was not produced’ fb'y the changing 
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c omp‘b-3 i'ti oh of the- acid' over a period of 3 hours. There is 
no ready explanation* for this. One possible explanation is 
that etching is dependent on a certain critical angle between 
the geometric surface and a particular crystal plane as shown 
by the fact that sometimes facets parallel to the (ill) planes 
will *b'e developed in the (110) regions and not in the - (100) 
or' even the (ill-) - regi ons . Thus, as the smoothness of the 
surface is changed due"' to etching, the etching characteris- 
tics may change. Ah other - ' pos s ibl e expl anat i on is that" some 
material is slowly absorbed from the decomposing stearic'- acid, 
and this may change the etching characteristics up to a’cer-- 
tain point. These changing patterns which are sometimes pro- 
duced by other reagents are often more apparent than real. 

The fact that an etch pattern was obtained with stearic 
acid in' the presence of chlorine gas, showed that an electro- 
negative gas will promote the etching of an acid of-a metal 
below hydrogen in the electromotive series. 

Less time was spent on experiments with the polyhedra 
prepared parallel to special planes than was at first planned. 
As previously pointed out in the proposals for this project, 
the results with polyhedra can have at their best only limited 
meaning.' The surf ac e • which rougliens may appear to have the 
greater rate due to ; the fact that it exposes a greater sur- 
face while - actually ' i t may have a lower rate per unit of area 
exposed. Fur thermore , • i t is impossible to eliminate corners 
and edges which may have unusually high rates of etching. 

The reasons for - the - inconsistency betvireen the two sets of 
experiments ' with the polyhedra possibly may be explained as 
follows. In order to speed up etching and facilitate mdre 
accurate weight measurements, the crystals were alternately 
immersdd in liquid and exposed' to the atmosphere above.- The 
rate 7 of '^etching possibly varied ‘With the mariner in which the 
polyhedra entered and passed through the liquid. The rate 
of flow of liquid pdst the crystal will depend on whether a 
c other V 'edgg , -or face entered the liquid and on the shape of 
the pdiyhddrh - . Also - the rate of etching will depend on the 
wetting' ability of the : Var i ous faces, and it could be easily 
seen i'ri these exper ime'nt S ; that the adherence of drops to the 
surface varied with the plane. These experiment s should be 
repeated with the crystal continuously immersed in the liquid 
in order to prevent any variation in the flow of liquid ad- 
jacent to the crystals. The duration of the experiment must 
be increased in order t6 obtain sufficient etching for ac- 
curate weight measurement s . • • 

I * ' *• ' 

The ability of a film of liquid’ to' rearrange into 
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definite drops at particular regions of a crystal has "been 
designated by the term "abili ty ..t.o. wet , '‘.^although it is not,, 
certain that; this is the' prosper'- classification . At least 
the jf'i.lgu .which temporarily, formed on the surface broke and 
recede ( d to definite - positions symmetrically arranged on the 
sphere* It, is not known - to what extent all traces of liquid 
were, pgmcjyed ..from ■ the ; bare regions but they -appeared to be 
completely drytag compared with the large drops formed at 
particular pQs- 1st i'-O'ns. ’^ c ?he photograph in figure 6 in which 
the drops . a.r-e 'shown as’ foifr. larger b 1 ac-k spots -doe's not ade- 
quately illustrate thi : s stflki’ng experiment.' This photograph 
was takfcP after the crystal had been removed from the flask 
and oopledj and th'e drops of stearic acid had solidified. . 
The failure of! the d'irops to form in an atmosphere of hydrogen 
and their . immediate 'f ormation in . pure, oxygen indicates that 
oxidati on --plays a controlling part . This is also borne out 
by the fact that , in order to initiate the formation of the 
drops, it ie sometimes necessary, to allow the crystal to 
stand in -air above the liquid for, about a minute. The forma- 
tion of drops in a few minutes in -an atmosphere of- pure oxy- 
gen wi.th new- stearic acid indicated that no decomposition 
product of. the acid, at least over. a period of about 20 min- 
utes, was responsible for the phenomenon. The inability of., 
the drops to -form when the temperature . of the liquid was be- 
low about 160° C ma,v have been due to the slow rate of oxi- 
dation of • the surface; - or the slow rate of formation of some 
oxidation complex, bdloV this temperature. The shift in the 
formation of jthe drops from the (ill) .regions to the (110) 
with time may- have been - due to the final formation of many 
facets at the ( 1 1 O') regions which were approximately parallel 
to the (ill.), planes - .' Thus, if the stearic acid- molecules 
wer e . at t r act ed - t o the (ill) planes,, they may ultimately have 
been drawn to the (110) regions where a greater total surface 
of (ill) planes was exposed than at -the (ill) regions. After 
the, crystal had- been etched for. at least 3 hours, t-he 
(llO) regiona became rough ana, ,the remainder of the' surface 
relatively smooth, but the ultimate f ogyaat i'on : of the drops 
at these rough regions was not due to the roughness in it- 
self, for no preferential formation of dr-ops took plh'ce in 
an atmosphere of hydrogen. i't seems more ' reasonable that the 
preferential formation of these drops w&s;due to some selec- 
tive fitting of the stearic acid molecules into-'the copper 
oxide lattice. Electron diffraction studies *bf "the different 
crystal faces should give valuable information on this sub- 
ject. It w.ci s noted that stearic,, palmitic, ;&nd myris’tic 
acids exhibited .preferred wettability, wh'.iTte~ the un saturated 
oleic acid- did no-tV Also stearic acid c-olut-iom. in mineral 
oil, up to. 50 percent mineral, oil, .showed" pref e ; r red Wetting. 
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The formation of an insoluble protective film on the 
crystal was the most interesting feature of the tricresyl 
phosphate experiments. The formation of this cdating ap- 
peared not to "be preferential with plane hut actually it may 
be. The coating may first form as- a thin film on the more 
active regions, thereby tending to give the surface equal 
activity and appearance overall. At i ow temperatures, below 
200° C, where the decomposition of the tricresyl phosphate 
does not take place appreciably, this film even on rubbing 
parts might protect the surface from, etching by acid constit- 
uents. Experiments with mixtures of stearic acid and tri- 
cresyl phosphate indicated that the film reduced the etching 
by the acid and produced a relatively smooth surface. The 
smoother surface should distribute the load more evenly. At 
the higher temperatures, on the other hand, where the decom- 
position of the tricresyl phosphate takes place, it is a 
striking fact that the etch- pattern produced by the tricresyl 
phosphate is exactly the opposite of the patf-ern produced by 
stearic acid. The rough regions on one. are: the smooth re- 
gions on the other as can be- seen in figures 2 and 5. It 
has been shown elsewhere that a. cbnibinati on of tricresyl 
phosphate and stearic acid in mineral oil is especially ef- 
fective in reducing wear. It remains undecided whether the 
effective action of tricresyl phosphate in actual practice 
is produced by i t s- f i lm-f ormi ng action at 'lower temperatures 
or by the etching action of high spots by decomposition prod- 
ucts at high temperatures,. Oxygen is necessary for either 
effect. Possibly the film .may be rubbed off the high spots 
where high-temperature etching can take place to produce a 
smoother surface. It does not seem that the theory of phos- 
phorus alloying with high spots . on a metal surface to lower 
its melting point, ia'fequired. to explain from a chemical 
point of view the section of tricresyl phosphate in producing 
a smooth surface and thereby reducing wear. (See reference 
12.) Chemical etching by combination of the two materials 
will give a smooth surface. 

The failure to understand completely the carbon! zat i on 
results was attributed to the complexity of the reactions 
taking place simultaneously and to failure to control accu- 
rately the variables involved, especially the pressure of 
oxygen and the concentration and nature of the acid constit- 
uents of the oil. The formation of deposits is dependent on 
crystal plane, pressure of oxygen, and oil composition. The 
removal of the deposits is dependent on the nature and thick- 
ness of the deposit, the etching ability of acids . in the oil, 
and in advanced stages on the contraction of the deposit on 
cooling. The etching ability of the oil is dependent in 
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turn on pressure of oxygen and composition of oil. Thus un- 
intentional variations in the oxygen, supply, the oil composi- 
tion, and temperature could produce a wide variety of re- 
sults. 

H owever , several definite conclusions may he drawn: 

1. Oxygen is necessary in the formation of a lacquer. 

2. A high oxygen concentration increases the rate of 

lacquer formation and tremendously decreases the 
attack on the base metal. The decreased rate of 
attack leads to a firmly adhering lacquer, stable 
for long periods of time. 

3. Chronologically the attack on copper by used avia- 

tion oil proceeds as follows: preferential forma- 
tion of a colored lacquer, thickening of the lac- 
quer, and preferential attack on the base metal. 

It is believed that additional information could be ob- 
tained on the mechanism of lacquer formation by further 
study with single crystals. 

The electrolytic displacement of one metal by another in 
oils may be important where the oil circulates in contact 
with several different metals. A harder metal, like copper, 
depositing on. a soft bearing metal might cause increased 
wear. Galvanic cells also may be set up between different 
metals, and although the action would ordinarily be very 
slight due to the poor conductivity of oils, yet with thin 
films and high temperatures obtained at elevated spots, the 
action may be appreciable. 

The study of scratches produced by one metal sliding on 
another may well be studied by this method. The nature of 
the material within the groove may be studied at various 
depths below the surface by electrolytic etching and examina- 
tion with the microscope. An amorphouslike layer may be seen 
on the surface followed by small grains which have been torn 
away from the base crystal and rolled along. The depth of 
the disturbance' can be de-termined by the appearance of the 
underlying single-crystal structure. This method for study- 
ing abrasion has not -been fully utilized in these etudies. 

Lead was .conspicuous in being greatly etched by most of 
the oils studied. Its reactions were preferential with plane 
only at the lower rates. The oxidation in air was only 
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slightly preferential as shown on figure 21. This should he 
compared .^lth^the pho t o graph” of 'cop^ei! on figures 1 to 8. 

It i.s.jint erest ing that'lead, which is so useful as a hearing 
material, Should recrystaiize uiidfer the least amount of 
mechani cal strain. 

The dif f icult res of j growing irbn crystals have been dis- 
cussed in a special note under Results. The results so far 
obtained bn the chemical propertied of iron surfaces should 
he considered as preliminary. Oxidation in air was highly 
preferential with plane. The formation of etch pits over 
thp .surface appears to he due' to galvanic action vhich is 
known., to he important in* the corrosion' of iron. Since pure 
iron is known to form passive films' very readily, oxidation 
and attack by acids should be studied in det.ail.. It should 
he emphasized that single crystals can he grown by -present 
methods only from relatively' p&r e iron. Crare should .he ex- 
ercised’ in using results with* the's-e* -crystals to* -interpret the 
behavior of st'eel . It -is believed’ "-thart st'udi-es *w i t h iron, 
however, will give’ information of* importance. The cracking 
of the surface film into small grains due to the catalytic 
reaction, of hydrogen and -'oxygen has 'he ; n obtained only with 
iron. " * 

£he unique property of zinc crystals was the ease with 
which .shearing was produced by mechanical strain. Slip 
planes Reamed, to he centers of increased activity. Zinc was 
etched appreciably by stearic acid. 

• It is interesting that the oxidation- patterns with 
nickel were very similar to thos e ' obtained ‘vlifh copper, 
which crystallines ' in the same ’ s ys t ’em and ha£ approximately 
the same atomic spacing.’ 
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Figure 1.— Oxidation pattern on copper 
crystal heated in air at 200° for 30 
minutes. Normal at (100) pole. 



Figure 2. Etch pattern on copper crystal 
heated in stearic acid at 200° in air for 
24 hours. Normal at (100) pole. 



Figure 5.— Etch pattern on copper crystal 
heated in used tricresyl phosphate in air 
at 300° for 15 hours. Normal at (100) 
pole. 



Figure 6. — Preferential formation of drops 
of stearic acid at the (110) regions on a 
copper crystal heated in acid at 200° in 
air for 6 hours. Drops had solidified 
when photograph was taken. 
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(111) regions 



Figure 8.— Photomicrograph of copper crys- 
tal etched by stearic acid in air at 200° 
for 24 hours. Magnification 600. 



Figure 7. — Preferential formation of car- 
bon deposits at the (111) regions on a 
copper crystal heated in used aviation oil 
at 200° in air for 18 hours. 



Figure 4. — Photomicrograph of polycrys- 
talline copper etched by stearic acid in air 
for 24 hours. Magnification 600. 



Figure 8.— Photomicrograph of carbon de- 
posits on surface of polycrystalline cop- 
per heated in used aviation oil at 200° in 
air. Magnification 600. 
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Figure 10.- At (111). Note strong specu- 
lar reflection from 3-armed area. 



Figure 11.- — At (100). Magnification 600. 



Figure 12. Near (100). Magnification 
600. 


Figure 13. — At (110). Magnification 600. 
Ridges run perpendicular to line between 
(100)s. 
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Figure 14. — At (111). Magnification 600. 



Figure 15. Near (111). Magnification 
600. 



Figure 16. Polycrystalline copper. Mag- 
nification 600. 



Figures 9 to 16. — Catalytic reaction of 
hydrogen and oxygen on a single crystal 
of copper for 16 hours at 400° C. 
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Figure 17. — Color film formed by mineral 
oil and air on single crystal of silver. 
Wide color range. Normal to (100). 


Figure 18. — Action of iodine in hexane on a 
single crystal of silver. Wide color 
range. Normal to (111). 


Figure 19. — Slip lines formed by pin prick on a (110) plane of 
silver. Magnification 600. 




Figure 20. — Slip lines formed by pin prick on polycrystalline 
silver. Magnification 600. 



Figure 21. — Air oxidation of a single crystal of lead 
at 200° for 10 minutes. Normal to (100). 
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